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ESTABLISHMENT OF VEGETATION ON DEPLETED SUBALPINE RANGE AS 
INFLUENCED BY MICROENVIRONMENT! 


INTRODUCTION 


THE PROBLEM 


Rehabilitation of montane grazing lands has been 
a matter of concern for many years. The Wasatch 
Plateau in central Utah, from which severe floods 
originated around the turn of the century, has been 
a particular center of concern. A report on the de- 
pletion of higher parts of the Plateau was published 
by Reynolds in 1911, and in the next year the Utah 
Experiment Station (now known as the Great Basin 
Branch of the Intermountain Forest and Range Ex- 
periment Station) was established by the U. S. Forest 
Service to study the effects of grazing. A number 
of permanent quadrats were laid out during early 
years to reveal vegetal trends, and these have been 
reexamined periodically. 

Study of accumulated records has brought out two 
salient facts. First, many of the more valuable spe- 
cies tend to become established in or close against 
already established vegetation. Second, open spaces 
on depleted herbaceous range, even those open spaces 
only a few feet from established vegetation, may 
remain essentially bare for long periods—30 years 
or more. Experiment and extensive field observation 
corroborate evidence from quadrat studies. 

The explanation of these two related facts appears 
to be the existence, under vegetal influence, of a 
microenvironment, particularly a microclimate, which 
is more conducive to successful establishment of new 
plants than the microclimate of an exposed, essen- 
tially bare, soil surface. When the contrast in micro- 
environments is greatest, as it is on some severely 
depleted range, this aspect of dependence is more 
evident than the contrary influence of competition. 

The persistence of bare spaces and the tendency 
for new plants to invade masses of already established 
vegetation are significant to the problems of re- 
habilitation and management of mountain range- 
watershed land. The purpose of this paper is to 
describe these phenomena and to present the evidence 
relating to their cause. 

I wish to express my appreciation to those who 
have generously offered constructive criticisms on 
earlier drafts of this paper: Reed W. Bailey, Wil- 
liam S. Cooper, Laurel E. Ellison, Joseph A. Ewan, 
Nesta D. Ewan, Donald B. Lawrence, Joseph H. Rob- 
ertson, Arthur W. Sampson, and George Stewart. 

1In this paper “microenvironment” means that zone of atmos- 
phere and soil occupied or surrounded by plant parts, or, in 
the case of areas bare of vegetation, a comparable zone close 
to the soil surface. ‘‘Microclimate’’ is used in a similarly re- 
Stricted sense, pertaining to atmospheric conditions close to the 


soil surface, not to local modifications of macroclimate induced 
by variations in topography. 


CHARACTERISTICS OF THE SUBALPINE ZONE OF THE 
WASATCH PLATEAU 


TOPOGRAPHY AND SOIL 


Most of the observations described in this paper 
were made on the crest of the Wasatch Plateau. The 
crest of the Plateau is long and narrow, lying ap- 
proximately north and south, at an elevation of about 
10,000 feet above sea level; and from it riblike ridges 
extend at right angles. The sides of the ridges are 
commonly cliffs or steep slopes, on which either little 
soil has ever developed or from which much soil has 
been stripped away following overgrazing. The top 
of the Plateau is level or rolling, and practically 
every foot of ground is easily accessible to grazing 
animals. 

Eocene limestones and shales give rise to the soils 
in the part of the Plateau with which this paper is 
concerned. These soils are nearly all clays, very sticky 
when wet and hard when dry. There are occasional 
fragments of cherty limestone gravel in the soil, 
usually amounting to not more than one or two per- 
cent of total volume; but where the soil is thin above 
a limestone substratum the proportion of rock and 
gravel may be very high. If erosion has been rapid 
these flattish fragments accumulate on the surface 
forming an “erosion pavement.” 


CLIMATE 

Average annual precipitation at the top of the 
Plateau is about 28 inches, of which approximately 
three-fourths falls, mainly as snow, during the 7-month 
period October through April. Snow has been re- 
corded in every month of the year, but summer 
precipitation falls mostly as rain or hail, frequently 
in violent, localized thunderstorms. 

Snow usually begins to accumulate in the latter 
part of October and reaches an average depth of 
about 5 feet early in April. Its depth varies greatly 
from place to place because of drifting. Usually most 
of the snow is melted by the last week in May. Soil 
moisture is therefore abundant during May; but June, 
with an average of only 0.7 inch of precipitation, 
is often a eritical month for vegetation. July has an 
average of 1.9 inches, and August 1.7 inches (Price 
and Evans, 1937). Averages do not mean very much 
in any particular season, however, because critical 
droughts may occur at any time. For example, dur- 
ing the early growing season of 1942 there was a 
period of more than 40 days in which a total of only 
0.22 inch fell, and this small amount was distributed 
among five showers. Within the same period an 
interval of 22 days passed when no rain fell at all. 
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Air temperatures are usually low, even in summer. 
During July, the warmest month, temperatures com- 
monly vary between 35° and 70° F. The frost-free 
period may begin anywhere from the first of June 
to the middle of July and end anywhere from the 
middle of August to the latter part of September. 
Its average length according to Price and Evans 
(1937) is only 80 days. 

Low winter temperatures probably do not have an 
important effect on most of the herbaceous vegeta- 
tion because of the deep, insulating blanket of snow. 
The soil freezes bevond a few centimeters only on 
exposed spots swept free of snow by wind. Late 
in fall and early in spring when snow cover is thin 
or absent, however, the wet clay soil is readily 
frost-heaved. 

There is a great deal of wind at the top of the 
Plateau. It blows prevailingly from the southwest, 
and while it is seldom violent during the growing 
season except in storm periods, it blows most of the 
time. The atmosphere is naturally rare at this high 
elevation, and because there is little dust or water 
vapor in the air the sunlight is intense. From this 
combination of cireumstances, and despite prevail- 
ingly low air temperature, evaporation is rapid. 


VEGETATION 
top of 
Engel- 


The greater part of the vegetation at the 
the Plateau is herhaceous. Small patches of 
mann spruce, Picea engelmanni Parry, and alpine 
fir, Abies lasiocarpa (Hook.) Nutt., dot the rolling 
terrain and occur as more extensive forests on steep 
northerly Limber pine, Pinus flevrilis 
James, is characteristic of steep southerly exposures. 
Quaking aspen, Populus tremuloides Michx., one of 
thousand feet lower, is 
with these conifers 


exposures. 


the characteristic species a 
sometimes found in 
on the Plateau top. 

Among shrubs, Ribes montigenum MeClatchie is a 
common associate of the timber, characteristically as 
With R. inebrians Lindl. it com- 
Sam- 


association 


a skirting fringe. 
monly oceurs in patches on rocky exposures. 
bucus L. oceurs throughout the area in 
scattered patches a few square meters in area. There 
are two extensive low-shrub associations, one domi- 
nated by Artemisia rothrockii A. Gray, and the other 
by Chrysothamnus viscidiflorus lanceolatus Hall and 
Clements, which usually grow less than knee high and 
may form a dense cover over broad upland areas. 

The composition of herbaceous vegetation on the 
drier uplands is varied, both from season to season 
and from place to place. In early spring Erythro- 
nium grandiflorum Pursh and Claytonia lanceolata 
Pursh are conspicuous. Following them in flowering 
come: Delphinium nelsonii Greene, Pseudocymop- 
terus montanus (A. Gray) Coult. & Rose, Lesquerella 
utahensis Rydb., Thlaspi glaucum A. Nels., and Viola 
nuttallii linguaefolia (Nutt.) Jepson. 

In summer the most abundant and conspicuous 
species are the perennials: Agropyron trachycaulum 
(Link) Malte, Bromus carinatus Hook. & Arn., 
Hordeum nodosum L., Melica bulbosa Geyer, Poa 


racemosa 
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fendleriana (Steud.) Vasey, Stipa columbiana Ma- 
coun, S. lettermani Vasey, Trisetum spicatum (L.) 
Richt., Stellaria jamesiana Torr., Aquilegia coerulea 
albiflora A. Gray, Delphinium barbeyi Huth, Ranun- 
culus inamoenus Greene, Thalictrum fendlerit Engelm., 
Arabis lyallii S. Wats., Potentilla glandulosa Lindl., 
P. pulcherrima Lehm., Lathyrus lanszwertii Kellogg, 
Lupinus alpestris A. Nels., Vicia americana Muhl., 
Geranium richardsonii Fisch. & Trautv., Oenothera 
flava (A. Nels.) Munz, Ligusticum porteri Coult. & 
Rose, Androsace septentrionalis puberulenta (Rydb.) 


Knuth, Frasera speciosa Dougl., Gilia aggregata 
(Pursh) Spreng., Polemonium foliosissimum archi- 
baldae (Nels.) Wherry, Castilleja leonardi Rvydb., 


C. sulphurea Rydb., Penstemon rydbergii A. Nels, 
Valeriana edulis Nutt., Achillea lanulosa Nutt., Ago- 


seris pumila (Nutt.) Rydb., Artemisia discolor 
Dougl., Aster chilensis Nees, A. foliaceus Lindl., 
Erigeron speciosus (Lindl.) D.C., E. ursinus D.C. 
Eaton, Senecio crassulus A. Gray, Solidago ciliosa 
Greene, Tararacum officinale Weber, and Viguiera 
multiflora (Nutt.) Blake. 

Annuals include: Polygonum douglasii Greene, 
Chenopodium album L., Descurainia  richardsonii 


Detling, Collomia linearis Nutt. 
These annuals 


incisa’ (Engelm.) 
and Orthocarpus tolmiei Hook. & Arn. 
are especially conspicuous on areas bared by over- 


grazing. 


INFLUENCE OF GRAZING 

The Plateau 
and sheep since about 1875. 
tions upon degree or manner of grazing use until 
the Manti National Forest was created in 1903, and 
arly use was harmful in the extreme. According 
to Reynolds (1911): 


As the contest between the sheepmen and the cattle- 
men, and between rival sheepmen became more severe, 
the carrying capacity of the range rapidly diminished, 
and more travel on the part of the grazing stock be- 
came necessary to secure enough feed. The result was 
that, between 1888 and 1905, the Wasatch Range, from 
Thistle to Salina, was a vast dust bed, grazed, trampled, 
and burned to the utmost. The timber cover was re- 
duced, the brush thinned, the weeds and grass cropped 
to the roots, and such sod as existed was broken and 


has been grazed by eattle, horses, 
There were no restrie- 


worn. 


These abuses resulted in violent floods that not only 
caused immediate damage to property in the valleys, 
but impaired future usefulness of the watersheds. 

Under regulated grazing the most flagrant abuses 
have been reduced, and the vegetal cover has inereased 
generally. Floods are less common than they once 
were. Nevertheless the vegetal cover is still inad- 
equate in most places to prevent accelerated erosion, 
and a less spectacular but still serious attrition of 
the soil mantle continues. 

Depletion is most severe, for a given intensity of 
grazing, on steep slopes and on ridgetops much ex- 
posed to wind, because it is on such sites that erosion 
is most easily accelerated and least easily checked. 
A characteristic of the topography, resulting from 
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the horizontality of the rock strata, is an alternation 
of short, very steep slopes and more extensive level 
areas. Most of the steep slopes have been eroded 
severely and are now characteristically white from 
accumulation on the surface of limestone “erosion pave- 
ment.” They support only a sparse, low-growing vege- 
tation, chiefly Lesquerella, Pseudocymopterus, Achillea, 
and Artemisia discolor. The ground surface is greatly 
subject to heating and drying, for the scanty vegeta- 


tion can exert but little influence on microclimate. 
Unfortunately almost no information from long- 


continued plot records is available on the vegetation 
of these steep slopes. Comparison of existing pave- 
ment areas with numerous old photographs shows 
that the rate of change, once a pavement becomes 
well developed, is extremely slow. 

On more moderate slopes and flats that have 
heavily overgrazed, the vegetation is composed 
dominantly of Claytonia, Erythronium, Viola, 
laria, and the annuals listed above. All these spe- 
cies are ephemeral so that, especially during dry 
summers, they give little protection to the soil sur- 
face. Some perennial species of rhizomatous habit 
may oceur; of these the most common are Penstemon, 
Achillea, and Artemisia discolor. The relative abun- 
dance of rhizomatous species and ephemerals varies 
greatly. On rhizomatous species form 


scattered islands in a 


been 
pre- 


Stel- 


some areas 
of ephemerals; on others 
rhizomatous species abundant that ephemerals 


dominate only in seattered channels and lagoons a 


sea 


are so 


few square feet in size. 

The vegetation of these rather level depleted areas, 
then, may have the character of an abrupt alterna- 
tion or patchwork of two quite sharply defined com- 
munities. Figures 1 and 2 illustrate the contrast in 
appearance between the elements in an Achillea-bare- 
ground and in a Penstemon-ephemeral patchwork. 





Fig. 1. 
of Achillea, little herbaceous vegetation is evident. 
mass in the middle distance is Sambucus. 
beyond it is limestone pavement. 


Quadrat 32, July 17, 1919. Except for patches 
Dark 
White surface 
Note barrenness of clay 
soil surface cracking as it dries after a recent rain. Con- 
dition of this surface and presence of sharp gullies sug 
gest rapid erosion. 
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Patchwork formed by masses of Penstemon and 
associated species alternating with areas of nearly bare 


Fig. 2. 
ground. On the bare area are a few scattered plants of 
Viola, Stipa lettermani, Agropyron, Agoseris, and the an- 
nuals Descurainia and Collomia. Humps on the bare sur- 
face are winter cores from gopher tunnels. White rule is 
15 em. long. Photo taken in an area protected from graz- 
ing for 2 years, October 7, 1942, when vegetation had 
become rather dry. 

PERSISTENCE OF PATCHY VEGETATION 

The contrasts in plant response inside these patches 
of rhizomatous species and in adjacent openings econ- 
stitute the main body of evidence in this paper. It 
is therefore advisable to consider briefly the origins 
of patches and the nature of their 
persistence. 

To what extent the rhizomatous species, Penstemon, 
Achillea, and Artemisia discolor, may be remnants of 
pristine vegetation is not clear because the character 
of virgin subalpine vegetation of the Wasatch Plateau 
is not known in detail. Sampson (1919) concluded 
that the climax herbaceous vegetation was dominated 
by species of Agropyron, often with an admixture of 
other species. In the years since Sampson’s study 
was made, accumulated information indicates that 
other herbaceous species probably made up a large 


rhizomatous 


portion of the original cover. 

During the last 30 vears, records 
have been made, Artemisia has spread greatly. This 
species was probably not originally a member of 


since detailed 


later successional stages on a_ well-developed soil 
mantle. The same may be true, although perhaps 
to a lesser extent, of Penstemon. Achillea, on the 


other hand, was probably rather generally distributed 
in the pristine cover, although perhaps not in great 
abundance nor on all sites where it is now common. 

Field observation and permanent plot 
show that all three species invade depleted range by 
seed, starting out as compact clumps of more than 
average height in which few or no other plants grow 
As the clumps spread vegetatively the shoots become 
shorter and less dense, and many other species be- 


records 


come mingled with them. 

Plot records also show that Achillea and Artemisia 
spread much more aggressively than Penstemon. Of 
the three species, Achillea spreads most rapidly. It 
is also the least persistent, most easily losing some 
of the ground it formerly covered. Artemisia, on the 
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other hand, while spreading more slowly, is also more 
tenacious; the plot records show it to have held all 
the ground it has gained to date. Both species are 
known to have occupied the same general plot area 
for at least 20 years. 

Penstemon behaves differently from the others in 
that it spreads very slowly and maintains its identity 
in dense patches longer. Patches of Penstemon are 
on record that have maintained very nearly the same 
boundaries for 30 years. On heavily grazed range 
especially, Penstemon continues to dominate the 
patches. Under protection from grazing, which per- 
mits other and more palatable species to grow tall, 
Penstemon patches tend to break up, mingle with 
other species (as Achillea and Artemisia patches do 
on grazed range), and hence lose their identity. 

One factor that helps maintain boundaries of 
Penstemon patches is the difference in level between 
the soil surface they protect and the surface of inter- 
vening spaces that are relatively bare. The difference 
in level may amount to several centimeters. (In Fig- 
ure 2 the difference is approximately 3 em.) This 
difference is a result, mainly, of erosion from the 
interspaces, and, to a lesser extent, of deposition in 
the Penstemon. 

In sum, it may be said that under heavy grazing, 
with suppression of competing vegetation and dis- 
turbance of the soil surface, patches of Achillea and 
Artemisia are well defined when young—up to per- 
haps 10 years of age—after which they become inti- 
mately mingled with other species and tend to lose 
their patchy identity. In contrast, patches of Pen- 
stemon under like conditions may be well defined for 
30 years or more. 


ASSOCIATION OF YOUNG PLANTS WITH 
ESTABLISHED VEGETATION 


FIELD OBSERVATION OF ASSOCIATION 
TRANSECTS 

In order to record the extent of association be- 
tween various species and patches of established 
vegetation, three transects were laid out and mapped 
in 1944 on range where Penstemon patches, and to a 
patches, were con- 
relatively bare areas 
The map of one 
Ephemeral spe- 
Stellaria— 
so 


extent Artemisia discolor 
spicuous in alternation with 
sparsely vegetated with ephemerals. 
transect is reproduced in Figure 3. 
cies—Erythronium, Viola, Polygonum, 
which had dried greatly at the time of mapping, 
that some plants had disappeared, are omitted. 
The data from this and the other two transects are 
summarized in Table 1 as to numbers of plants found 
inside and outside established vegetal patches. Prob- 
abilities (P) that the observed discrepancies are 
accountable to chance, assuming essential uniformity 
of seed source, are The reasoning used 


less 





also given.” 


2 The assumption of uniformity of seed source is not strictly 
valid. Ranunculus in Figure 3 provides an extreme example of 
“overdispersion’: each concentration of plants probably reflects 
the nearness of a common parent plant. The P-value for this 
low-growing Ranunculus is therefore probably smaller than it 
would be if every square meter, in open ground as well as in 
vegetation, had had an equal chance of receiving Ranunculus 
fruits. This objection is not so important with other species, 
which are either sufficiently tall (e.g. Agropyron, Melica), or 
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in this table, and some later tables, is disproof of the 
null hypothesis that occurrence of plants of other 
species is independent of the occurrence of established 
vegetation. If the number of plants of species z 
inside established vegetal patches bears approxi- 
mately the same proportion to the total number that 
the area of the vegetal patches bears to the total 
there is no reason to think that the occurrence 


area, 
of species « is influenced by established vegetation 
one way or the other. If the proportion of plants 


of species x inside vegetal patches is substantially 
greater than the proportion of ground covered by 
vegetal patches, positive association is indicated. If 
substantially less, negative association, or dissociation, 
is indicated. 

A tendency for positive association is shown in 
Table 1 to be strong for Melica, Taraxacum, Ranun- 
culus, Agropyron, and Trisetum. shows 
positive association on transects 1 and 2, which were 
only a few yards apart, and dissociation on transect 
3, which was about half a mile from the others and 
under somewhat different treatment. on 
transect 1 also shows dissociation. Variations between 
species will be discussed later; the only point to be 
made here is that most showed a_ positive 
tendency to be associated with established vegetation. 


Agoseris 


Senecio 


species 


QUADRATS 


Beginning in 1913 and continuing to the present, 
permanent quadrats have been laid out on _ the 
Wasatch Plateau on which records of vegetation and 
features of the soil surface have been made at in- 
tervals of from one to several years. Evidence from 
square-meter and 100-square-meter chart quadrats has 
already been drawn upon in discussing behavior of 
the rhizomatous species, Achillea, Artemisia discolor, 
and Penstemon. Somewhat more than half the square- 


meter quadrat records (225 records from 29 perma- 
nent quadrats) kave been studied intensively as 


bearing on the present problem. Space limitations 
necessitate confining the evidence given here to a few 
clear-cut examples. 

The four Bear Creek quadrats (1 sq. each) are 
on a clay hillside from which all the bie topsoil 
has been eroded. Average organic-matter content of 
the surface inch is at present only 1.7 percent. Ex- 
posure varies from west to southwest and slope from 
10 to 20 percent. 

At the time of quadrat establishment in 1916, the 
was seanty, consisting almost solely of 
clumps of Achillea separated by extensive areas of 
bare ground susceptible to erosion. These features 
are shown by photographs made in 1919 (Figure 1. 
Photographs of Bear Creek quadrat 34 in 1919 when 
it looked much like quadrat 32 shown in Figure 1, 
and in 1940, are reproduced elsewhere, Ellison, 1943). 
Amount, quality, and distribution of vegetation have 
The first change observed was 


vegetation 


improved since 1916. 


have sufficiently mobile fruits (eg. Taraxacum, Agoseris), 80 
that dispersal may be assumed essentially uniform over the short 
distances between vegetal patches and bare spaces. But because 
of the possibility of bias, P-values in Table 1 should be re- 
garded only as approximations. 
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with established vegetation. 


the spread of Achillea. 


about 15 years. 


areas. 


The rate of spread varied 
from quadrat to quadrat: one quadrat was com- 
pletely covered in 5 years; another was covered in 
During the period of spread, plants 





Taraxacum officinale 
Viguiera multiflora 


In Table 
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Transect No. 1, 38 m. long and 1 m. wide, across patches of Penstemon and Artemisia in alternation 
Note positive association of Melica, Agropyron, Trisetum, Taraxacum, and Ranunculus 
In contrast, Senecio occurs only in openings. 


of other species became more numerous, mostly in 
the area occupied by Achillea. 
declined in prominence. 


entually Achillea 


2 the occurrence of plants on bare and 
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TABLE 1. Numbers of plants observed (Obs.) on three 
transects, and numbers calculated (Cale.) in proportion 















































to area of surface inside Penstemon and Artemisia 
masses (Veg.) and area of relatively bare ground 
(Bare). 
| 
Transect, size, Melica | Taraxacum | Ranunculus Agropyron 
percent area in {—— _-- ————— — 
vegetal patches | Vee. Dar | | Ver. Bare Wor. ray Veg. Bare 
Number 1 | | | 
1x38 m........ | Obs. |54 0 [15 0 |125 O |54.5° 12.5 
48%, veg... | Cale. 25.9 28.1] 7.2 7.8} 60.1 64.9/32.2 34.8 
| —— —_— i ——— —_— 
| P <.001 | <.001 | <.001 <.001 
Number 2 
1x15 m.........| Obs. |16 0 | 2 0 | 13 0 {56.57 3.5 
34% veg...... Cale. | 5.5 10.5) 0.7 1.3) 4.4 8.6)18.4 35.6 
ee ie eee oe Saree Ss Saseam 
|P | <.001 12 <.001 <.901 
Number 3 
Coy ae | Obs. sz 0 jil 0 0 1 
50% veg...... | Cale. 16.0 16.0} 5.5 5.5 0.5 0.5 
P <.001 | <.001 50 
Transect, size, Trisetum Others! A goseris | Senecio 
percent area in —_——— ee 
vegetal patches | | Veg. nie Veg. way Veg. Bare | Veg. Bere 
————-—|-—- Mae ibe eine Ahi AERTS a 
Number 1 | | 
1x38 m........ | Obs. |11 0 |17 4 179.52 43.5] 0 9 
48% veg....... | Cale. | 5.3 5.7/10.1 10.9/59.1 63.9) 4.3 4.7 
P <.001 003 <.001 003 
Number 2 
xt5 m:........] Ou. 3 1 |27 14 
34% veg....... Cale. 1.2 2.8)14.0 27.0 
4 12 <.001 
Number 3 
1x16 m.........| Obs. 21 133 
50% veg.......| Cale. 77.0 77.0) 
P <.001 
i“Others” consist of Arabis, Bromus, Erigeron speciosus, Geranium, Gilia, 


Hordeum, Potentilla glandulosa, Stipa lettermani, Viguiera. 

“Fractional observed values arise from giving credit for half a plant to each 
category when the plant was not clearly either inside or outside a vegetal patch, 
like an Agropyron and an Agoseris in m. 29. Figure 3. 


vegetated surfaces is summarized from those charts 
on which Achillea occupied a well-defined fraction of 
the area. Each set of four values represents an anal- 
ysis from one of the quadrats in a particular year, 
except the lowermost set which is a total of those 
above it. Thus 10 charts supply the data under 
Taraxacum. 

Looking first at the total for Tararacum it is seen 
that 141 plants occurred on areas of Achillea of such 
size that only 84 would have been expected. Con- 
versely, although 73 plants might have been expected 
on the bare parts of the quadrats, only 16 were 
actually found there. Obviously Taraxacum is posi- 
tively associated with Achillea. The strength of asso- 
ciation may be tested by observing the consistency 
of the individual figures: in every instance the ob- 
served value is greater than expectancy on the area 
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covered by vegetation, and less on the area of bare 
ground. 

Association of Pseudocymopterus with Achillea is 
even more marked. Given nearly equal opportunity 
for occurrence on areas of bare and vegetated sur- 
face, all 55 plants were found in vegetation and not 
one on bare surface. Agropyron, Stipa, Androsace, 
and even the ruderals Polygonum and Descurainia, 
show a similar tendeney. 

The proportions for Stellaria indicate that the ap- 
pearance of this species is independent of the pres- 
ence of Achillea. The fact that Stellaria is the only 
one of these species reproducing by rhizomes suggests 
that some feature of the surficial environment is the 
critical factor. 3 

Evidence for other species is provided by the 
Carrying Capacity Pasture quadrats. These seven 
square-meter quadrats, established in 1913, were less 
severely grazed following their establishment than 
previously. A fence enclosing an area of 61 acres 
was built around them in 1926. The enclosed range 
was grazed intermittently thereafter, but probably 
not heavily at any time, and in many years it has 
not been grazed at all. The quadrats are on level to 
moderately sloping ground with a general westward 
aspect. The soil is moderately deep clay, from which 
much of the original topsoil has probably been lost. 
Average organic-matter content of the surface inch 
is 5.9 percent. 

There have been marked changes in vegetation in 
the Carrying Capacity Pasture since 1913. Invading 
plants of Castilleja sulphurea have been particularly 
Of 137 new eastillejas recorded on the 
126 have become established close to 
other plants.* These quadrats have not contained 
large bare spaces over the entire period of record, 
but the vegetation on most of them, has been rather 
sparse, so that at most only about half the total 
quadrat area is to be classified as “close to” estab- 
lished plants. This is to say, 92 percent of the 
eastillejas have been concentrated on a particular 50 
invad- 


numerous. 
7 quadrats, 


percent, or less, of the quadrat area. Other 
ing species include Geranium, Gilia, Arabis, and 
Valeriana. Thirty-three of 35 Geranium (94 per- 


cent), 37 of 41 Gilia (90 pereent), 51 of 72 Arabis 
(71 percent), and all of the 6 Valeriana plants, were 
first observed close to other vegetation rather than 
in openings. 

A third illustration from a permanent, square-meter 
quadrat may be cited to portray association in two 
consecutive years. The quadrat, established in 1916, 


is on level range heavily grazed and trampled by 
cattle. The soil is a rather shallow clay underlain 


by limestone with an organic-matter content in the 


surface inch of 5.9 percent. 
Figure 4, showing the position of Agropyron with 
from” 


be set. 
was 


“close to’’ and ‘‘away 
distance had to 
other vegetation 


plants into 
limit of 
from 


% In classifying new 
other vegetation, an arbitrary 
A new plant less than 2% cm. 


classed as ‘close to,” and one more than 2% em. from other 
vegetation was classed as “away from.’ The same limit was 
used for computing the effective area of established vegetation 


on the quadrats. 








April, 1949 


TABLE 2. 


inside masses of Achillea (Veg.) and on bare ground outside (Bare). 
ticular species represents the number of new plants shown on a different square-meter quadrat chart. 


ures are totals. 
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Numbers of plants observed (Obs.) and numbers calculated (Cale.) in proportion to area of surface 


Each pair of observed entries under a par- 


Boxed fig- 





| | Pseudo- 
Tararacum | cymopterus 


Agropyron 





Stipa 





| Veg. Bare | Veg. 
e.......1 2 0/1 0 4 3 2 
Oaie....... | 1.3 0.7] 0.6 0.4] 3.4 3.6| 1.1 
Mew Se, © 4 0 |/21 6 2 
BR ica | 1.1 0.9} 2.2 1.8] 10.2 16.8} 1.0 
Obs | 26 2 5 0 1 0 2 
Calc A) isa 3453 | 2:14 26 | O6 014 | 1.2 
Obs. is @® 1 0 
Calc | 7.6 14) 0.3 0.7 
| | 
Obs... 1 0 4 0 | 
Cale....... 0.3 0.7/| 1.6 2.4 
Obs.. .| 20 7 | 8 0 
i es | 13.2 13.8} 6.8 1.2] 
| | 
| 
Obs... | 17 7 | 0 
a | 9.1 14.9] 5.0 0 
| 
Lae 2 0 6 0 
Cale....... 0.6 1.4] 2.9 3.1] 
Obs 1 o }4 0 
Gale....... 0.2 0.8| 5.3 8.7 
Obs Jer oo | 0 
Cale....... | 36.6 24.4) 0.6 0.4 
| ibe 
Obs... 141 16 | «55 0 26 9 6 
a 83.7 73.3 | 27.7 27.3 | 14.2 20.8! 3.3 
P | <.001 < .001 < .001 


respect to rhizomatous species, illustrates their asso- 
ciation. Two facts are brought out by this figure. 
First, most of the Agropyron in 1940 occurs close to 
or among plants of rhizomatous species, while the 
spaces free of rhizomatous species are also largely 
free of Agropyron. Second, after making allowances 
for the breakup of certain established plants, it will 
be seen that the many new Agropyron plants appear- 
ing in 1941 are confined almost entirely to parts of 
the quadrat occupied by rhizomatous species. The 
new Agropyron plants came into the quadrat be- 
tween August 30, 1940, date of the first charting, 
and September 9, 1941, date of the second. Their 
position shows that it is Agropyron that is primarily 
dependent upon the rhizomatous species, and not the 
rhizomatous species upon Agropyron. 


ASSOCIATION BETWEEN STIPA AND CHRYSOTHAMNUS 

Sharply alternating masses of vegetation and bare 
Spaces are not confined to herbaceous communities. 
On heavily grazed sheep range in the subalpine 
Shrub-herb community characterized by Chrysotham- 
nus, a sharp alternation is often to be observed be- 
tween the vegetation of low-shrub patches and that 
of spaces between. That in the low-shrub patches 


Androsace Polygonum | Descurainia Stellaria 


Bare | Veg. Bare | Veg. Bare | Veg. Bare | Veg. Bare | Veg. Bare | Veg. Bare 


0 1 0 0 3 2 1 0 6 
09| 05 -0.5| O08 2.2) 0.8 221 20 49 
0 3 0 2 1 3 0 1 
10 | F.1 1.9 2.0 1.0 1.0 2.0 ik 2a 
0 1 0 9 3 3 0 1 2 
0.8 | 0.6 0.4 5.4 66] 0.8 2.2 1.2 1.8 
3 0 | O 1 0 
0.9 2.1 0.4 0.6; 6.8 1.2 
0 ee le 0 
0.1 29] 0.4 O06 
0 5 0 14 10 9 2 10 11 
2.7 2.2 2.8 9.2 14.8 a. (2.0) TE 2S 
-03 .02 -O4 < .001 -60 


includes Poa, Agropyron, and many species of broad- 
ieaved herbs, while that of the interspaces is almost 
wholly Stipa lettermani. 

Often these interspaces are cropped and trampled 
until they are almost bare and the persisting clumps 
of Stipa are pedestaled, for range that is so heavily 
grazed as to produce bare spaces between the shrubs 
is also subject to accelerated erosion. Larger bare 
spaces, of the magnitude of a square rod and more, 
develop on sloping areas like the sidewalls of drain- 
age channels and spread back to terrain of lesser 
slope. 

The species most likely to invade the bare open- 
ings is Stipa. Its aggressiveness is due to the facts 
that : it normally fruits heavily; it is not very paiatable 
to sheep in midseason, so that a high proportion of 
its fruit is matured; its fruits are self-burying; and, 
judging from the dry sites it occupies and the per- 
sistence of clumps that are greatly pedestaled by 
erosion, it is very drought resistant. For these rea- 
sons and perhaps others Stipa is important in the 
natural reclamation of depleted sheep range. 

Seedlings and young plants of Chrysothamnus, 
when present, will be found in two kinds of places: 
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Fic. 4. Quadrat 25 in 1940 and 1941 showing positive association of plants of Agropyron trachycaulum with 
masses of three rhizomatous species, Achillea lanulosa, Aster foliaceus, and Erigeron ursinus. 


(1) under Chrysothamnus bushes, usually close to the 
edges, and (2) inside and at the edges of clumps of 
Stipa. Figure 5 shows a pedestaled clump of Stipa 
about 25 em. long in which two young plants of 
Chrysothamnus are growing. In some instances a 
clump of Stipa as big as one’s hand will have a dozen 
or more small plants of Chrysothamnus in it, while 
adjoining areas of bare ground are practically free 
of them. 





; ‘Ze ke i . ‘ 

Fic. 5. A pedestaled clump of Stipa in which two 
young plants of Chrysothamnus are growing (left and 
center; plant at right is Pseudocymopterus). Note 
harsh, eroded surface of the adjacent bare soil. 


The two Chrysothamnus plants in Figure 5 are 
about 10 years old, although most of the visible 
growth was produced during the current season. Is 
Stipa suppressing them? Possibly, but grazing is 
also a factor. This species of Chrysothamnus is rel- 
ished by sheep in autumn, so that all current growth 
is often removed, especially from the smaller plants. 
Permanent plots demonstrate that where grazing is 





excluded or lessened, Chrysothamnus inereases until 
it may form almost a solid crown cover, Stipa tends 
to disappear, and Poa, Agropyron, and a number of 
species ot broadleaved herbs become more abundant. 
It would appear, therefore, that while competition 
from Stipa may be appreciable, heavy grazing is the 
more effective in preventing development of these 
Chrysothamnus seedlings. 

The occurrence of young plants of Chrysothamnus 
in clumps of Stipa is parallel to the occurrence of 
plants of other species in patches of Achillea, Arte- 
misia, and Penstemon. In both cases the phenomenon 
is most evident on range that has been heavily grazed 
for many years, where a patchwork of persistent 
vegetation and alternating, relatively bare spaces is 
sharply defined. 


EXPERIMENTAL EVIDENCE OF ASSOCIATION 

A planting experiment was performed in 1942 
which demonstrated successful establishment of grasses 
within areas occupied by Penstemon patches, as com- 
pared with virtual failure in adjacent bare spaces. 
As checks on these results and in order to limit en- 
vironmental factors more strictly to those of micro- 
climate, more. elaborate plantings were undertaken 
in the period 1944 to 1946, and additional check 
plantings were made in 1947. The results, varying 
as to detail, confirm the essential relation observed in 
the first experiment. 


stupy 1, 1942 
In this experiment, performed on Philadelphia Flat 
where Figure 2 was taken, grains of Agropyron 
trachycaulum were planted inside patches of Penste- 
mon, along the margins of patches, and in open spaces 
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between patches. The unit used was a row of 10 
grains spaced an inch apart. Each unit was planted 
by using a board a foot long, pierced by a row of 
10 nails, as a compound dibble. Each set of three 
units lay a few inches away on radii from a central 
hub so that one unit was well inside the vegetal patch, 
one lay tangentially along the edge of the patch, and 
one was out in the opening as free as possible from 
influence of established vegetation. The ends of the 
units were marked with small pegs, so that the dibble 
had only to be fitted between the pegs again to ascer- 
tain precisely which of the 10 seeds had or had not 
Twenty-four sets of three units were 
total of 240 seeds under each 


germinated. 
installed, making a 
condition. 

The plantings were made June 17 and 18. There 
was very little rain during the early part of the 
summer, and but little germination took place until 
after late summer and autumn rains had occurred. 
Net survival October 7 and significance of the dif- 
ferences by t-test were as follows: 


Inside Edge Open 
Wik) MINNIE: ccccksesecisseccicecccoccincece TB 5¢ 
06 <.001 
While the difference between “inside” and “edge” 


may not be significant by the conventional standard 
of odds of one in 20 (P = .05), it is close enough 
to keep the question of significance open. The dif- 
ference between either “inside” and “open” or “edge” 
and “open” is sufficiently marked to leave no reason- 
able doubt of significance. Survival within and along- 
side established vegetation is clearly much greater 
than in the open. 


STUDIES 2 To 8, 1944 To 1946 

Like study 1, these and later experiments were ¢ar- 
ried out at the head of Ephraim Canyon on areas 
protected from grazing. The first plantings in these 
studies, using Agropyron trachycaulum and Lupinus 
alpestris, were made in the spring of 1944. They 
were uniformly failures because of poor seed. 

Second plantings were made in the fall of 1944, 
using Agropyron and Geranium richardsonii. In 
studies 3, 5, 6, 7, and 8 third plantings were made 
on adjacent quadrants of the same plots in the spring 
of 1945. In all these studies emergence of Agropyron 
was reasonably high, but emergence of Geranium was 
generally low. In those plantings where Geranium 
seedlings were sufficiently numerous to have meaning, 
the results tended to corroborate results with Agropy- 
ron. For brevity, however, only Agropyron data will 
be used here. Net survival in September, 1946, is 
the criterion used in judging relative success. 

Much of the emergence from autumn plantings 
occurred in spring, 1945. These plantings had not 
only the benefit of snowmelt, but also of very heavy 
precipitation early in June, 1945. Most plantings in 
spring, 1945, were made after this heavy precipitation 
occurred, and so they did not benefit directly from 
it. Emergence from spring plantings occurred 
throughout summer, 1945, and jumped strongly in 
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spring, 1946, doubtless benefited by snowmelt. Sum- 
mer precipitation in 1945 was below normal, but 
storms were rather well distributed through July and 
early August. This fact probably accounts for con- 
tinuing emergence through this summer. Late August 
and September were dry, however, and to this fact 
an increase of mortality in the autumn examinations 
is probably related. Spring mortality was high in 
most plantings where the soil was bare, probably be- 
cause of frost heaving of the surface centimeter or 
two of soil. 

Studies 2 and 4: The same general procedure was 
used in these experiments as in study 1. There were 
these differences, that plantings were made in autumn 
‘ather than spring, that observations were carried 
over two years rather than one, and that 20 sets, in- 
stead of 24, were established in each study, giving a 
total of 200 grains under each condition at each site. 
Study 2 was conducted on Philadelphia Flat, near 
where study 1 had been, and study 4 near the Alpine 
Cattle Pasture. Net survival at the end of the second 
vear (September, 1946), and significance of differ- 


enees, were as follows: 

Inside Edge Open 
No. seedlings, Study 2 .... 65 22 10 
P <.001 05 
No. seedlings, Study 4 .... 49 33 15 
r 14 .08 
Comparing “inside” with “open,” the t-test gives 
P <.001 and P = .003, respectively, for studies 2 


and 4. Survival inside established vegetation, again, 
is clearly much greater than in the open. 

An effort was made to determine cause of injury 
or death of seedlings. If a seedling disappeared be- 
tween two examinations and the place it had occupied 
had been disturbed by pocket gophers, the seedling’s 
disappearance was charged to pocket gophers. If it 
had previously been partly eaten by grasshoppers or 
other insects, its disappearance was charged to in- 
sects. If the seedling had been disturbed by frost 
heaving, or soil washing when the frost went out of 
the ground, or when the snow melted, its death was 
charged to frost. Obviously such statistics have limi- 
tations: other causes than these are operative, and 
drought undoubtedly would have killed some of the 
seedlings even if they hadn’t been disturbed. Never- 
theless, with due regard to their limitations, the fig- 
ures are instructive of the differences in microenviron- 
ment between Penstemon patches and relatively bare 
openings (Table 3). 

The progressive increases in mortality, from “in- 
side” to “open,” associated with disturbance by 
pocket gophers and frost, are notable. They cor- 
roborate general observation in indicating that these 
factors are important in bare spaces and between 
Penstemon patches. That they are not the only fae- 
tors, however, is shown by similar differences in sur- 
vival in study 1 where disturbance by pocket gophers 
and frost did not occur. 

An additional detail may be significant. In studies 
1, 2, and 4, the “edge” sets were so distributed that 
equal numbers lay on the north, east, south, and west 
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TABLE 3. Cause of mortality in Agropyron seedlings, 
so far as could be determined, by association with pocket- 
and insect damage, in 


gopher disturbance, frost heaving, 
2 and 4 combined. 


three microenvironments. Studies 





INSIDE EDGE OPEN 


ay, any 
Num-| Per- |Num-| Per- |Num-| Per- 


Mortality associated 











with: 
ber | cent ber | cent | ber | cent 
Pocket gophers........| 25 | 26.0} 42 | 36.8) 60 | 46.5 
Frost heaving. ye 9 | 9.4) 22 | 19.3) 36 | 27.9 
Insect damage........ 12 | 12.5) 8 | 7.0) 11 8.5 
Other (including 
OS eee 50 | 52.1) 42 | 36.9) 22 | 17.1 
Total dead seedlings.| 96 114 | | 129 
| ' 
sides of Penstemon patches. Net survival by sides 
was as follows: 
N E Ss Ww 
Study 1 rn 22 11 9 17 
Study 2 = am 5 8 4 5 
Study 4 9 9 4 11 
36 28 17 33 


In each case the south side, where shading by Pen- 
stemon leaves is least and where heat and drought 
presumably are greatest, was the side with least sur- 
vival. The differences are not consistent enough for 
statistical significance, however. 

Studies 3 and 5 (effects of shade; bare soil): In 
these studies plantings were made on identical, paired 
plots on bare soil. One plot of each pair was shaded 
artificially; the other was left open. The reason 
for this approach was to limit environmental factors 
more strictly to those of microclimate. The more 
favorable response of seedlings within and at edges 
of vegetal patches in studies 1, 2, and 4 might, con- 
ceivably, reflect a more favorable soil under vege- 
tation as compared with open bare spaces. Soil 
differences certainly do exist (Table 9). Or, con- 
ceivably, established vegetation might give off some 
kind of chemical, lacking in the bare interspaces, 
which would favor seedling establishment. In these 
planting experiments no such objection can apply. 
because the same eroded soil surfaces were planted 
throughout. 

To provide artificial shade, square frames of 1 x 6 
inch boards were built, 4 feet on a side, and these 
were covered with coarse cotton netting. These 
frames were sufficiently large so that they could fit 
easily over meter-square plots on which the plantings 
were made. The netting reduced intensity of diffused 
light, as judged by a Weston photographie light 
meter, about 25 percent. Besides providing shade, 
the cloth screens, together with the 6-inch sideboards, 
greatly reduced wind movement. These influences 
made for a more mesic microclimate than prevailed 
On the xeric side, the sereens’ inter- 


in the open. 
was the cause of some loss in 


ception of rainfall 
precipitation, and this was noticeabie in a_ lesser 
moistening of screened soil surfaces during light 
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showers. Whatever this loss may have been, it was 
more than offset by the sereens’ mesic influences, 
Soil-moisture determinations showed that after a 
rainstorm surface soil dried much more quickly in 
openings than under screens. 

Two pairs of meter-square plots were set out in 
ach study. Each plot was divided into quadrants, 
and one quadrant was planted with 100 grains of 
Agropyron in the autumn of 1944, and another quad- 
rant in the spring of 1945. <A dibble 0.5 m. long 
containing 10 nails 5 em. apart, was used in planting, 
In observing survival the dibble had only to be re- 
fitted within the marked boundary strips to relocate 
the planted spots. Whatever other vegetation ap- 
peared on the plots and around their edges was re- 
moved from time to time with as little disturbance 
of the plots as possible. Net survival of seedlings 
in September, 1946, in the combined studies was as 
follows: 


Shaded Open P 
Planted autumn, 1944 125 50 .08 
Planted spring, 1945 133 133 — 


There was materially higher survival on the shaded, 
fall-planted quadrants and it was consistently higher 
in each pair of plots, but the difference is hardly 
statistically. There was no consistent 


significant 
between shaded and unshaded spring 


difference 
plantings. 

Studies 6 and 7 (effects of shade, competition, and 
erosion .pavement): Additional experiments’ with 
shaded and unshaded plantings were made on “erosion 
pavement,” one near Erosion Area A (study 6), the 
other near Erosion Area B (study 7) at the head of 
Ephraim Canyon on a moderate westward slope. The 
“pavement” of limestone gravel and rock is a result 
of accelerated erosion from overgrazing in which fine 
soil particles have been carried away, until a resid- 
uum of limestone gravel forming an almost complete 
cover has accumulated on the surface. The attempt 
was made in these experiments to learn not only the 
effeets of artificial shade on seedling survival, but 
the effects of pavement gravel and the influence of 
competition from native vegetation. 

In both studies two blocks of six plots each, were 
set up. In each block two plots were left in their 
natural state, two were weeded of all native vegeta- 
community in which 


tion (a sparse, low-growing 
Festuca ovina brachyphylla, Erigeron compositus, 
Lesquerella utahensis, and Pseudocymopterus mon- 


tanus are the most common species), and two were 
weeded and had the pavement gravel at the surface 
removed. One plot in each treatment was shaded, 
the other was left unshaded. Quadrants were planted 
with 100 grains of Agropyron as in studies 3 and 5. 
Considering the two studies together, 1,200 grains 
were shaded and 1,200 unshaded in both autumn and 
spring plantings. 

Net survival in September, 1946, in numbers of 
seedlings in both studies combined, was as follows: 








April, 1949 
Autumn, 
1944 
Shaded Open 
Natural .. peasiecnees é 20 12 
Vegetation removed a ne 72 55 
Vegetation & pavement removed — as 485 63 
Spring, 
1945 
Natural Ses dabested cctaknicmncabel acces 25 23 
Vegetation Temoved. . : 41 40 
Vegetation & pavement removed inn 66 35 


The benefit of shading is marked with autumn plant- 
A t-test, combining re- 
7, and 
of 197 
gives 


ings, just as in studies 3 and 5. 
sults of all autumn plantings in studies 3, 5, 6, 
§ (21 differences), with a total difference 
seedlings in favor of the shaded quadrants, 
t = 3.77, P = .001. Spring planting in studies 6 
and 7, on the other hand, except where pavement and 
vegetation were both removed, were almost as sue- 
cessful in the open as under shade. In this respect 
studies 6 and 7 also resemble studies 3 and 5. Where 
pavement and vegetation were both removed, how- 
ever, net survival under shade was markedly improved. 

It is evident that removal of vegetation in studies 
6 and 7, both in spring and autumn, helped seedling 
survival. For “vegetation removed” as compared 
with “natural,” having 16 pager with spring and 
autumn plantings combined, 3.15 and P = .006. 
Established vegetation of erosion- ses-peveelianaah areas, in- 
significant as it might appear, nevertheless exerts 
measurable competition with seedling grasses. It is 
probable that patchy vegetation exerts similar com- 
petition, and therefore the more favorable 1 
of seedlings in Penstemon patches (studies 1, 2, and 
4), and the observedly greater occurrence of plants 
in patches of Penstemon and Achillea, as compared 
with bare ground, are all the more remarkable. 

There appears to be no consistent advantage to 
removal of pavement in addition to weeding vegeta- 


response 


tion. In study 7, indeed, there was a somewhat 
higher mortality of seedlings associated with frost 
co] . DS 


heaving where pavement gravel had been removed 
than on the natural and weeded plots. 

Study 8 (effects of shade; bare 
This experiment was laid out on level ground at the 
top of the Plateau where the soil had all been lost 
by accelerated erosion, leaving only a shaly parent 
material. The same procedure was used as in studies 
6 and 7, with 600 shaded and 600 unshaded grains 
of Agropyron planted in autumn, 1944, and again 
im spring, 1945. There was so little gravel and so 
small an amount of natural vegetation on the surface 
of this area, however, that effects of weeding and 
pavement removal were not detectable. The study 
was therefore essentially a repetition of studies 3 and 
5 but with 6 pairs of plots and in a more severe en- 
vironment. Numbers of seedlings surviving in Sep- 
tember, 1946, were as follows: 


shale subsoil): 


Shaded Open to 
Planted autumn, 1944 167 74 .002 
Planted spring. 1945 eit: Se 44 .06 


In this study shading was beneficial both to autumn- 
planted and spring-planted seedlings, and the differ- 
ence in both autumn and spring was marked. 


‘By an error, one quadrant in study 6 was not planted in 
the autumn of 1944. In this tabulation (but not in the following 
t-test), the survival of the replicate quadrant is substituted for 
this missing datum. 
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It happens that very little of the mortality of 
seedlings in studies 3, 5, 6, 7, and 8—that is, the 
experiments of 1942-46 in which artificially shaded 
and unshaded plantings were compared—was asso- 
ciated with pocket-gopher workings, and there were 
no material differences between the shaded and un- 
shaded plots in this respect. 

Injury from frost heaving was particularly evi- 
dent in study 8, where the soil—if it should be ealled 
“soil”—was essentially pure clay. Thirty-one per- 
cent of all seedlings recorded died in association with 
frost heaving, and of the total mortality from all 
that associated with frost heaving accounted 
Mortality percentages by treatments 


causes, 
for 58 percent. 


were as follows: 
PLANTED PLANTED 

AUTUMN, 1944 SPRING, 1945 
Shaded Open Shaded Open 

Mortality associated 
with frost ; 43.7 71.3 41.2 71.6 

Mortality not associated 

with frost ... caaicanmotuns 28.7 58.8 28.4 


Mortality from frost heaving on the open plots was 
much higher than on the shaded plots. If a different 
type of shade had been used—e.g. mulehing with 
straw—the difference would probably have been even 
for the screens had to be removed late in 
time when snow had 
so that the plots 





greater, 
autumn and were replaced at 
left most of the plots in spring, 
were unprotected part of the time. 

Studies 9 and 10, 1947: In the spring of 1947 addi- 
tional shaded and unshaded plantings on bare soil 
There was reason to believe that the full 
some 


were made. 
effects of treatments had not been detected 1 
of the earlier For one thing, only a 
few plots had been planted 1 and 5, and 
variation between plots had been great. For another, 
this variation was fairly regular and gave rise to a 
suspicion that perhaps some differences in emergence 
and survival were associated with differences between 
planters. It seemed probable that some of the non- 
technical farm-hand help that had to be reeruited 
during the war may have planted the seed so deeply 
as to lessen or nullify differences in surface environ- 
ment to which naturally planted seed would have been 
As they turned out, the 1947 experiments 
demonstration of the existence of this 


experiments. 
in studies 3 


subject. 
gave a cleat 
kind of error. 
The 1947 plantings were made in mid-June, in the 
same enclosed areas where studies 3 and 5 had been 
Five pairs of plots, shaded artificially and 
as in previous studies, were established 
Two men did the work, each planting a 
Agropyron on each plot, 


made. 
unshaded 

each area. 
pooner with 100 grains of 
and a record was made as to who planted which. 
The plots were kept weeded and were examined four 
times during the year, the last examination being 
October 8. Although the early part of the summer 
was dry, abundant rain fell during late August and 
throughout September. 

The following data are numbers of surviving seed- 
lings, in the autumn of 1947, from 1,000 shaded and 
1,000 unshaded grains planted by each man: 
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Man Shaded Open Total 
GN eee . 358 68 426 
BP bosebeesisekshdahasnssinensiaiasens 501 165 666 
Ee ee 859 233 1,092 


There is a marked difference in response to treat- 
ments, survival under shade being 3.7 times as great 
as in the open. The consistency of differences be- 
tween the 10 paired plots is such that t = 4.06, 
P = .002. This result corroborates results of earlier 
experiments, emphasizing the importance of the mois- 
ture relation near the soil surface. 

There is also a marked difference with respect to 
men: W’s success was half again as great as G’s. 
From my knowledge of the temperaments of the 
men, I should expect W to plant more deeply than G 
even though the same instructions were given both. 
Moreover, he was, being country-bred (whereas G 
was city-bred), the one more likely to have a “green 
thumb.” It is interesting that the differences in sur- 
vival parallel psychological and cultural differences 
between the two men. 

These differences are fairly consistent within indi- 
vidual plots and pairs of plots. A three-way anal- 
ysis of variance with 39 degrees of freedom and with 
all interaction variances but “treatment x man” 
pooled as an estimate of error, gave very high 
F-values (P <.01) for “treatments” and “men.” Dif- 
ferences between sites (Philadelphia Flat and Alpine 
Cattle Pasture) were not significant. 

It will be noted that G’s suecess on the unshaded 
plots was less than half as great as W’s, but that 
on the shaded plots it was more than half as great. 
This “treatment x man” interaction is also fairly 
consistent from plot to plot, and gives a high F-value 
in analysis of variance (P <.01). The form of this 
interaction is consistent with the conclusion to be 
drawn from shading treatments, that moisture balance 
is one of the most eritical factor complexes of the 
microenvironment. It is also consistent with the 
explanation that, of the two men, W tended to plant 
more deeply—or otherwise more favorably from the 
standpoint of moisture balance—than G. 





SUMMARY OF EXPERIMENTAL EVIDENCE 

Experiments in which plantings were made within, 
at edges of, and outside Penstemon patches (studies 
1, 2, and 4) corroborate observational evidence al- 
ready reported. In each case survival was greater 
inside established vegetation than it was on relatively 
bare ground, and this in spite of presumably greater 
competition from established vegetation. In all three 
of these experiments differences in soil quality, as 
well as microclimate, may have been responsible for 
differences in survival. In studies 2 and 4 greater 
pocket-gopher activity in the open probably was asso- 
ciated with greater seedling mortality, but pocket 
gophers were not a factor in study 1. Frost heaving, 
a microclimatie factor, was also greatest in the open, 
and was clearly one of the causes of seedling mor- 
tality there in studies 2 and 4. It was not a factor 
of importance in study 1 which began and ended 
in a single season. By a process of elimination, 
therefore, heat and drought, together with possible 
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differences in soil, are left to explain at least part 
of the mortality in studies 2 and 4, and virtually all 
the mortality in study 1. 

In order to eliminate the possibility that difference 
between soil inside and outside vegetal patches was 
responsible for difference in seedling survival, plant- 
ings were made on uniformly denuded soils, half of 
which were shaded and half unshaded. Shaded plots 
generally gave a marked increase in emergence and 
survival over unshaded plots, pointing to the moisture 
relation, including heat and drought, as a very im- 
portant factor complex at the microclimatic level. 
The conclusion is strengthened by the fact that sur- 
vival in unshaded plots is reduced, compared with 
shaded plots, as soil erosion is greater and site, cor- 
respondingly, harsher. It is also strengthened by a 
similar differential that when survival is 
favored by presumably greater depth of planting. 
Measurements show that soil moisture persists longer 
under artificial shade than in the open, paralleling 
similar measurements made under Penstemon and in 


arises 


nearby barren ground. 

Studies 6 and 7 east incidental light on the prob- 
lem by showing that when the scanty but rather 
well-distributed vegetation of erosion pavement areas 
is removed, seedling survival is increased. Compe- 
tition from established vegetation appears, therefore, 
to inhibit seedling survival. If this be true, then 
the importance of microclimate is enhanced, for in 
studies 1, 2, and 4, seedling survival was distinctly 
better inside established vegetation—despite presum- 
able competition—than on bare ground. 

VARIATION IN DEGREE OF ASSOCIATION 

The foregoing examples demonstrate a prevalent 
tendency for positive association between invading 
plants and established vegetation. With some species 
clear evidence of association is lacking, however, and 
sometimes, as with Senecio in Figure 3 and Table 1, 
dissociation is suggested. The purpose of this section 
is to consider these exceptions. 

VARIATION BETWEEN SPECIES 

Invading plants of some species show a stronger 
and more consistent tendency than others to be asso- 
ciated with established vegetation. The differences in 
degree of association observed are also influenced by 
variations in site, in intensity of grazing, and in 
weather. A given species may react positively under 
one set of circumstances, indifferently under another 
set, and negatively under a third. The problem 
would be greatly simplified if all the species occurred 
on all the quadrats in significant numbers, as they 
might in a planned and controlled experiment, but 
under natural conditions they do not. Compari- 
son between species is necessarily inexact, therefore, 
and an arrangement of species in order of response, 
from the observational data at hand, must be very 
rough. 

The following list (Table 4) is divided into three 
sections: The first section includes those species that 
show the most consistently positive association with 
established vegetation, the second section those that 
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show predominantly positive association as well as 
much indifference and some negative association, and 
the third section those that show the strongest nega- 
tive association, or dissociation, in relation to estab- 
lished vegetation. 

TasLeE 4. Arrangement of common species in three 


groups in order of degree of positive association of new 
plants with established vegetation. 





Castilleja sulphurea 

Gilia aggregata 

Geranium richardsonii 

Valeriana edulis 

Chrysothamnus viscidiflorus lanceolatus 
Agropyron trachycaulum 

Bromus carinatus 

Taraxacum officinale 

Achillea lanulosa 

Trisetum spicatum 


Most consistent 
association 


Stipa lettermani 

Vicia americana and Lathyrus lanszwertii 
Polygonum douglasii 
Pseudocymopterus montanus 
Lepidium sp. 

{ Lesquerella utahensis 

| Orthocarpus tolmiei 

| Agoseris pumila 

| Collomia linearis 

Oenothera flava 

Stellaria jamesiana 
Descurainia richardsonii incisa 





Less consistent 
association to 
some dissociation 


Most consistent (Senecio crassulus 

















dissociation {Chenopodium album 
{Viola nuttallii linguaefolia 
TABLE 5. Observed and ealeulated abundance of Poly- 
gonum on pocket-gopher diggings on a square-meter 
quadrat. Elevation 7,600 feet, June 22, 1939. 
J | 
NUMBER OF POLYGONUM | 
Character of Area 
disturbance | sq. cm. | Calcu- | Obs.- | P 
|Observed| lated Cale. | 
“Old diggings” | 2,850/ 1 | 121.6 | 120.6 |<.001 
“Old diggings’’ | 375 | 10 22.3 12.3 | .007 
“New diggings’ | 275 | 12 16.6 4.6 | .25 
| 


There is a suggestion, in the arrangement of spe- 
cies in Table 4, of secondary succession following 
baring of the soil by overgrazing. Species in the 
lower two groups tend to be conspicuous on greatly 
depleted range, whereas most of those in the upper- 
most group are conspicuous on range that has im- 
proved or that has been less severely depleted. In 
this upper part might also be included Aster foliaceus, 
Erigeron speciosus, and Solidago ciliosa, which have 
been observed to be associated with Penstemon and 
Achillea, and to spread outward from them. The 
occurrence of manifestly young plants of these spe- 
cies on our permanent quadrats is rare, however, so 
that little is known about their requirements for 
establishment. 

To the extent that secondary succession is gov- 
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erned by plant reaction, the suggested relationship 
is only to be expected. The most mesie species might 
be supposed to find their environmental requirements 
fulfilled close to established vegetation rather than 
in bare openings. Nevertheless, there is abundant 
evidence to show that even ruderals, considered low 
in secondary succession (Sampson 1919), may some- 
times be positively associated with established vege- 
tation. The annual Polygonum and biennial Descu- 
rainia in Table 2 provide an illustration. Polygonum 
in Table 5 provides another. In Table 5 the relatively 
few plants of Polygonum on bare surfaces of pocket- 
gopher diggings are compared with the numbers that 
would be expected if colonization had been uniform 
over the quadrat. The “ealeulated” figures are de- 
rived from the fact that of the total of 421 poly- 
gonums on the quadrat, 398 oceurred on 6,500 sq. em. 
of relatively undisturbed soil. Although gopher dig- 
gings of at least two ages were available for coloniza- 
tion, Polygonum had not become established on them 
to the extent that it had on the relatively undisturbed 
surface of the quadrat. 
VARIATION BETWEEN YEARS 

Variations in behavior of Viola on the grazed 
Horseshoe quadrats 22E and 22W will serve to demon- 
strate differences from year to year. Viola has al- 
ready been pointed out as one of the species showing 
most consistent dissociation (Table 4). It is used 
here to demonstrate variation in degree of association 
because it happens to be the species with the greatest 
number of plants in one place, so that statistical sig- 
nificance is most readily evaluated. 

In Table 6 the observed occurrence of Viola plants 
in vegetal patches is given, in comparison with their 
expected occurrence in proportion to the area of the 
vegetal patches. The upper half of the table includes 
all Viola plants, whether they were previously re- 
ported or not; the lower half includes only those 
plants that were not found at the preceding exami- 
nation. 

Differences in general are negative—that is, as has 
already been pointed out, Viola tends to occur away 
from, rather than within, vegetal masses. The nega- 
tive tendency is clearly manifest in 1924, 1932, 1934, 
1935, and it is especially strong in 1936. In 1940 
and 1941, with probabilities of .26 and .12, there 
seems to be neither significantly negative nor positive 
association. Finally, if only the new plants are con- 
sidered, a significantly positive tendency is indieated 
in 1929 and 1940. 

Probably the variations observed are related to 
variations in weather. Whatever factors may be re- 
sponsible, the fact is clear that variations in degree 
of association occur from year to year. 


VARIATION WITH INTENSITY OF GRAZING 
Several bits of evidence from quadrats on grazed 
‘ange suggest that the heavier grazing use is, the 
more positive association between new plants and 
established vegetation will be. First, association is 
to be detected most easily on range that has become 
depleted as a result of overgrazing and intensified 
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TABLE 6. Numbers of plants of Viola occurring on an 
area of 1 x 2 m., with reference to their observed and 
expected occurrence within areas occupied by the rhizo- 
matous species Penstemon, Achillea, and Aster foliaceus. 

















Percent | | | 

| ofarea | Number Viola within area of 

occupied rhizomatous species 

loccupied by| | 

Year | rhizoma- | Total oe — P 
tous Number | 

| species! Viola | Cale. Obs.-Cale. | 
——_—_}_— eh Fee se”: hats ed 

| (All plants) | 
1924 21 } 81 | 7 17.0 —10.0 | -01 
1929... 21.5 | 132 32 | ~=«(28.4 +3.6 |  .45 
1932....| 23.5 131 20 | 30.8 —10.8 | .03 
1934 2 86] (65 10 | 16.9 — 6.9 .05 
1935 | 25 | 242 43 60.5 —-17.5 01 
1936 27.5 | 451 | 38 124.0 —86.0 | <.001 
1940 41 32 10 | 13.1 — 3.1 -26 
1941 42.5 167 | 61 71.0 —10.0 12 

New plants—those appearing since previous charting) 

1929 21.5 97 29 | 20.9 + 8.1 -05 
1932... .| 23.5 81 | 9 | 19.0 | —10.0 | 01 
1934....| 26 12 | Bi 3.1 — 1.1 .36 
1935 25 184 37 46.0 — 9.0 .12 
1936....} 27.5 296 | 8 | 81.4 | —73.4 <.001 
1940... .| 41 10 | 7 441-4339 | 05 
1941 42.5 | 152 55 


“4.6 | — 9.6 12 
| | | 


The increase in percentage of area occupied by rhizomatous species is caused 
mainly by a material increase in Penstemon on quadrat 22E and by the invasion 
and spread of Aster on quadrat 22W. 


erosion; it is on such range that permanent bare 
patches are found alternating with patches of vege- 
tation. Second, patchiness and positive association 
generally have become less marked in later years, 
paralleling a lessening in grazing intensity from that 
prevalent in the period 1913-1916 when the first 
records were made. Third, quadrats grazed most 
heavily at present tend to show stronger positive 
association than those grazed less heavily. 

The strong association of Agoseris with established 
vegetation on transects 1 and 2 (Table 1), as com- 
pared with strong dissociation on transect 3, may 
also relate to grazing intensity. Except that the 
area sampled by transects 1 and 2 is essentially flat, 
while that sampled by transect 3 slopes eastward 
slightly, the two areas are alike. Soil quality and 
vegetal patchiness are to all appearances identical. 
The former, where Agoseris shows association, had 
been grazed and trampled up until the year of ex- 
amination, whereas the latter, where Agoseris shows 
dissociation, had been protected from grazing, or 
grazed only lightly, for at least 7 years. The differ- 
ence in grazing treatment appears to be the only 
factor of sufficient magnitude to account for so 
marked a difference in response. 

The Horseshoe quadrats, grazed and ungrazed, 
provide additional evidence in terms of distribution 
of vegetation and persistence of bare spaces. Two 
contiguous square-meter quadrats, 21E and 21W, 
were established, and a small enclosure was _ built 
around them, in 1915. At the same time two similar 
quadrats, 22E and 22W, were established on grazed 
range close by. The outside quadrats are subject to 
grazing and trampling by sheep, but use is 


heavy ¢ 
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less severe now than it was prior to 1915. Both 
pairs of quadrats are on level ground. The soil is a 
deep clay with an average organic-matter content of 
5.0 percent in the surface inch. 

Over the years there have been marked changes in 
species composition and abundance, and vegetation 
inside and outside the enclosure is no longer similar, 
Among the most striking differences are those in 
plant distribution. At the time of establishment 
vegetation on both pairs of quadrats was loealized in 
masses of Penstemon, and between these masses were 
sizable areas without plants of any sort. Now dis- 
tribution is much more uniform on the ungrazed than 
on the grazed quadrats. Moreover, the plants oceupy- 
ing the sparsely vegetated portions of the grazed 
quadrats are mostly ephemeral and provide scant 
soil cover. 

The difference can be expressed numerically by 
counting the number of square decimeters completely 
bare of vegetation on each quadrat: the more blank 
square decimeters, the poorer the distribution. To 
put the figures on a comparable basis, since all four 
quadrats do not have equal areas free of Penstemon 
(that is, equal areas available for colonization), it is 
necessary to express the blank area in each ease as 
a fraction of the total area free of Penstemon. Each 
fraction may then be considered an index of vegetal 
distribution—the larger it is, the poorer the distri- 
bution; the smaller, the better (Table 7). 


TABLE 7. Indices of distribution of vegetation on un- 
grazed quadrats 21E and 21W, and grazed quadrats 22E 
and 22W, in 1915, 1924, and 1940. Each index is the 
ratio of the number of sq. dm. completely bare of vege- 
tation te the total number of sq. dm. free of Penstemon 
and available for colonization. 








22W 


1915 1924 1940 
Quad-} | Avail- Avail- | Avail- 
rat | Bare | able Index | Bare | able | Index | Bare | able | Index 
— - — - = a —SEEE————E—EE———EE 
21E...| 32 | 64.40 | 0.50 6 | 72.00] 0.08 | 9 | 71.50 | 0.13 
21W 69 | 84.00 | .82 11 | 84.50] .13 12 | 76.50 | -16 
22E...| 50 | 92.80] .54 | 33 | 84.00] .39 | 19 | 40.00] .48 
| 68 | 95.20] .71 | 33 | 92.65] .36 | 42 92.77 | .45 


Indices in 1915 show that from one-half to four- 
fifths of the available area was taken up by blank 
square decimeters, and that there was nothing to 
choose between the grazed and ungrazed quadrats. 
A sharp difference in distribution, evident by 1924, 
continued into 1940: the proportion of bare square 
decimeters became less than a third as great on the 
ungrazed as-on the grazed quadrats. Whereas in 
1915 an average of 64 percent of the available areé 
consisted of bare square decimeters, in 1940 the av- 
erage for the grazed quadrats was 46 percent and 
for the ungrazed quadrats it had dropped to 14 
pereent. 

The contrast in distribution is probably not as 
great as the difference in grazing intensity 
would produce in a more extensive test, for two 
First, gopher diggings—summer mounds 


same 


reasons. 
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and winter cores of earth—have been more abundant 
on the enclosed quadrats than on the open ones, and 
these have tended to prolong the existence of bare 
spaces on the enclosed quadrats.” Second, invasion 
of the bare spaces on grazed quadrat 22W has been 
accomplished in large measure by Aster foliaceus, 
through vegetative means, whereas invasion of the 
bare spaces on the enclosed quadrats has been almost 
entirely by species that reproduce only by seed. Tak- 
ing these two facts into account, it is probable that 
Table 7 does not express so great a relative persist- 
ence of bare areas under grazing as exists generally. 

The foregoing lines of evidence suggest that heavy 
grazing tends to promote positive association, whereas 
light grazing or complete protection from grazing 
allows vegetation to fill up the open spaces. It is 
not to be assumed that the act of grazing, the mere 
cropping of the young plants, is alone responsible 
for the difference: change in microclimate resulting 
from loss in cover, and disturbance of the soil from 
trampling are also to be considered. These effects 
will be taken up later. 


VARIATION WITH EROSION POTENTIAL 

A suggestion that instability of soil surface, graz- 
ing aside, may contribute to persistence of bare areas 
is provided by quadrats 3 and 4 in the Carrying 
Capacity Pasture (Figures 6 to 9). 

These quadrats are only 125 feet apart on a south- 
western exposure and have been subject to the same 
grazing treatment. Prior to 1913, the date of estab- 
lishment, they were grazed heavily, and since that 
time they have been grazed moderately or not at all. 
In 1913 (Figures 6 and 8) there was a sharp dis- 
tinction between masses of vegetation and interspaces 
of bare soil, and obviously erosion was proceeding 
rapidly on both quadrats. The vegetation of both 





Quadrat 4 in 1913 with masses of Penstemon 
Note evi- 


Fig. 6. 
and Poa pratensis separated by bare spaces. 
dence of heavy utilization and of washing and caking of 
soil. 


*In a comparison involving quadrats inside a small enclosure, 
alterations in environment induced by the enclosure itself must 


always be taken into account. The most important of these 
on the Wasatch Plateau is without doubt that associated with 
concentrations of pocket gophers. The greater abundance of 


their diggings, as compared with the open range, is manifest 
year after year in every small enclosure of long standing. 
Climatie effects, which the writer has studied in an enclosure 
similar to the one under consideration, are probably minor in 
<omparison. 
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Fie. 7. Quadrat 4 in 1940. Vegetation forms a 
rather uniform cover, consisting mostly of Aster foliaceus, 
without large bare spaces. Bare ground at lower left is 
from gopher mounds that have been trodden upon. 





Quadrat 3 in 1913 with three large masses of 
Drainage enters 
lower left and 


Fig. 8. 
Penstemon separated by bare spaces. 


close to far corner and goes off both 


lower right edges. 





eed 





Fie. 9. Quadrat 3 in 1940 with much the same pattern 
of vegetation and bare spaces as in 1913. Penstemon 
masses at lower and right corners have been invaded by 


Solidago. Tongue of Aster foliaceus has worked up from 
lower right edge, temporarily blocking that drainage 
channel. Note evidence of soil instability in ledgelike 


plant hummocks and exposed roots at lower right. Cur- 
rent drainageway now bows up around Aster, and leaves 
quadrat on lower left edge. 


was similar in 1913, and, even though there have been 
except in point 





changes in species, it is still similar 
of distribution. 

A fundamental point of difference between the two 
quadrats is one of erosion potential. Quadrat 3 was 
more severely eroded than quadrat 4 in 1913, as shown 
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by the greater accumulation of pavement gravel in 
Figure 8 than in Figure 6. It has continued to 
erode more rapidly, not only because it has a some- 
what steeper slope (22 percent as compared with 15 
pereent), but because of its position with respect to 
surrounding terrain. 

The charts show that the bare spaces on quadrat 4 
became covered with vegetation sometime between 
1915 and 1930 (Figure 7). On quadrat 3, in con- 
trast, almost the same bare spaces and vegetal islands 
have persisted (Figure 9) as were present in 1913, 
27 vears before. The distribution was observed to be 
the same in 1947, making a period of at least 34 
years’ persistence. 

Why the difference? One explanation might be a 
difference in soil quality, on the assumption that the 
eroded surface of quadrat 3 might have lost so much 
fertility as to prevent invasion. The fact is, how- 
ever, that invasion has occurred on quadrat 3. The 
sequence of quadrat charts shows that Aster invaded 
the opening at the right by vegetative means, and 
worked up into the center of the quadrat (Figure 9). 
Moreover, analyses of the surface inch of soil, which 
show a slightly higher organic-matter content for 
quadrat 3 (6.3 percent as compared with 5.7 percent 
for quadrat 4) suggest that the soil of both quadrats 
is of the same order of fertility. 

It would seem that the twofold tendency for masses 
of vegetation to remain as masses and for bare spaces 
to remain bare is associated with rapid erosion. Ero- 
sion was obviously rapid on both quadrats in 1913, 
and vegetal masses and bare spaces were strongly 
differentiated on both. Rapid erosion was clearly 
manifest on quadrat 3 in 1940, and it is on quadrat 
3 that bare spnaces persist. While overgrazing set 
the process in motion, it has had practically no direct 
influence during the period of observation. The con- 
clusion therefore seems reasonable that erosion, or 
surface disturbance, is in itself an important factor 
in preventing establishment of plants in openings. 


OBSERVATIONS OF ASSOCIATION ELSEWHERE 
QUERCUS GAMBELII COMMUNITY 

On the western flank of the Wasatch Plateau a 
deciduous scrub association dominated by Quercus 
gambelii Nutt. lies in a zone roughly between 6,000 
and 8,000 feet above sea level. It is bounded below 
by the pinyon-juniper and sagebrush associations and 
above by the aspen-fir association. 

In places where pronounced overgrazing has oe- 
eurred, patches of oakbrush and other vegetation 
occupy islands of topsoil separated by gravel-surfaced 


depressions almost bare of perennial vegetation. The 
contrast between the two surfaces is extreme. The 


surface of the interspaces is largely an erosion pave- 
ment and is swept clean of almost every vestige of 
litter. Leaves that fall into the interspaces are blown 
about until they accumulate under the shrubs. The 
contrast, then, is between an eroded soil surface cov- 
ered only by rock fragments, and one that is less 
severely eroded, covered by a layer of litter, further 
shaded and protected from the full force of rain 
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and wind by the crowns of oakbrush. A contrast in 
surface moisture and temperature—low moisture, high 
temperature in the openings, and the reverse under 
the oakbrush—can be appreciated on almost any 
sunny day by digging into the two soils with bare 
hands. 

As in the examples from the subalpine zone, in- 
vading plants occupy vegetated surfaces rather than 
bare surfaces. This fact is particularly conspicuous 
during winter after the oakbrush leaves have fallen, 
because of the tendeney for evergreen conifers® to 
invade. In the majority of instances the conifers 
appear in the midst of a patch of oakbrush (or, in 
other, less widespread scrub communities, in patches 
of Peraphyllum Nutt., Amelanchier 
alnifolia Nutt., montanus Raf., and 
Arctostaphylos patula Greene.), rather than in bare 
interspaces. The succession is easily observed from 
the stage at which little conifers appear under the 
shrubs, through all intermediate stages when conifers 
and shrubs appear to be on equal terms, until conifers 
overtop the shrubs and only dead shrubs remain. 


ramosissimum 
Cercocarpus 


FESTUCA OVINA COMMUNITY 

Another striking instance of association with estab- 
lished vegetation may be cited from that part of the 
Aquarius Plateau called “Boulder Top,” with an 
elevation of about 11,000 feet, some 80 miles south of 
the Wasatch Plateau. In contrast to the clays of the 
Wasatch Plateau, the soil of Boulder Top is prevail- 
ingly a very fine sandy loam, containing much gravel. 
The herbaceous vegetation is predominantly Festuca 
ovina L., often growing in hummocks or ridges sep- 
arated by comparatively broad, shallow bare spaces. 
On a typical area of about 3 acres with a ground 
cover density estimated to be 20 percent, 32 species 
were found. Festuca made up 75 percent of this 
cover, and no other species but Achillea made up as 
much as 5 pereent. On many areas the proportion 
of associated species is even lower. 

The alternation of vegetation and bare spaces is a 
result of heavy grazing by sheep and accelerated soil 
erosion. The fine, dry soil, when stirred by hoofs, is 
easily carried out of the bare spaces by a light wind. 
Much of this wind-borne soil comes to rest in nearby 
Festuca hummocks. 

Sheep scarcely eat the Festuca, and this fact largely 
accounts for its great abundance, but they eagerly 
graze many associated species which, for the most 
part, are only to be found within Festuca hummocks 
and nestled up against their edges, especially on the 
shady side. These associated species range from 
seedlings to’ plants of considerable age. Plants that 
invade bare openings are mostly the rhizomatous 
Erigeron ursinus and Achillea. The few plants of 
other species that oceur in openings appear to be 
young, a faet suggesting precarious tenure. 

Four small enclosures, said to have been built in 
1924, are spaced at intervals of a mile to three miles 

® At lower elevations the conifers are mostly Juniperus scopu- 
lorum Sarg. and Pinus edulis Engelm., at higher elevations 


mostly Abies concolor (Gord. & Glend.) Hoopes and Pseudotsuga 
taxifolia (Poir.) Britton. 
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on Boulder Top. While these enclosures have the 
same drawback that such enclosures have elsewhere 
in modifying climate, they are almost completely free 
of gopher disturbance. In this respect they are more 
nearly comparable to outside range than most small 
enclosures on the Wasatch Plateau. One factor is 
difficult to evaluate: sheep herders have occasionally 
penned stray sheep in some of these enclosures for 
short periods. How generally or how often this has 
been done is not known, but differences in vegetation 
inside and outside show that it has not been done 
sufficiently often to offset the benefits of protection. 
These benefits include a greater prominence of spe- 
cies other than Festuca, principally broadleaved 
herbs, and a greater variety of species than can be 
found on comparable grazed areas of the same size. 

Plants of these other species are most commonly 
found close against Festuca hummocks, just as on 


grazed range, and as on grazed range, plants that 
invade bare spaces move out progressively from 


Festuca hummocks. Moreover, occupation of the bare 
spaces by vegetation appears to be difficult, even in- 
side enclosures, for many bare spaces have persisted 
at least 18 years with little or no invasion. 

Like certain parts of depleted subalpine range on 
the Wasatch Plateau, the somewhat higher subalpine 
range on Boulder Top, with different soil and vegeta- 
tion, exhibits a sharply defined patchwork of vege- 
tated and bare areas. Here, too, invading plants are 
able to gain a foothold only close to established 
vegetation. 


FESTUCA VIRIDULA COMMUNITY 

A third example of association between young 
plants and established vegetation is afforded by a 
subalpine herbaceous community in the Wallowa 
Mountains of eastern Oregon. This community, 
dominated by Festuca viridula Vasey, is considered 
by Pickford and Reid (1942) to be essentially the 
climax type. The following observations relate spe- 
cifically to a stand at the head of Lick Creek. 

The stand was estimated by Pickford and Reid 
(1942) to have a cover density of 46.7 percent. In 
it there are bare, depressed openings among Festuca 
hummocks, and many of these openings are several 
square feet in area. Part of their area is composed 
of dead root crowns, but in the larger openings the 
greater part is exposed mineral soil. The fact is 
obvious that accelerated erosion has been involved in 
the formation of these openings, and that some 
accelerated erosion continues, although less soil has 
been lost from this particular area than from most 
comparable range in the vicinity. The area, once 
heavily grazed by sheep, is said to have been avoided 
for at least the last 10 years because of lupine 
poisoning. 

Although numerous stumps of sagebrush (Artemi- 
sia) occur, truncated at the ground surface as if this 
shrub had been eliminated by fire, the only species 
now associated with Festuca in the main body of the 
Stand is Lupinus leucophyllus canescens (Howell) 
C. P. Smith. 
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The great majority of Lupinus plants oceur close 
against Festuca hummocks; relatively few have be- 
come established in the bare openings. Very young 
plants of Festuca appear to be even more selective: 
the only ones that could be found in the open depres- 
sions were growing under those few Lupinus plants 
that had already become established there. 

The example of association between young plants 
and established vegetation in eastern Oregon appears 
to be the same phenomenon as has been described 
for central and southern Utah. All the instanees cited, 
although different species and climates are involved, 
have a common denominator: the range in each case 
has been depleted by overgrazing, accelerating erosion 
so that bare spaces are provided adjacent to masses 
of vegetation, and forming a patchwork of contrast- 
ing environments. It is probably incorrect to econ- 
clude that the tendency for association depends upon 
the presence of the induced patchwork: the correla- 
tion involving Castilleja, Geranium, Gilia, Arabis, and 
Valeriana on the Carrying Capacity Pasture quad- 
‘ats, it will be recalled, was observed in established 
vegetation that was generally well dispersed. Prob- 
ably the tendeney for association is most often noted 
in connection with a patchwork because the distinetive, 
sharply defined microhabitats permit an obvious con- 
trast in response. 


DISCUSSION 
PossisLE REASONS FOR ASSOCIATION 

One explanation for the coincidence of new plants 
and established masses of vegetation could be that 
seeds naturally accumulate in vegetal masses. The 
groupings of Ranunculus in Figure 1 evidently repre- 
sent limited dispersal from a central parent, and this 
fact no doubt contributes to the apparent strength of 
association for this species. 

It is probable, 
bare interspaces 


also, that some seeds are swept off 
and lodge in vegetal patches. In 
the fall of 1941 an experiment was undertaken to 
learn the extent to which bare spaces lack seed. Sur- 
face soil samples to a depth of 1 inch were taken with 
a special flanged trowel within patches of Artemisia 
discolor and Penstemon, along edges of patches, and 
in bare spaces between patches. The samples were 
stored outdoors during winter in e¢loth sacks. The 
following spring an equal amount of each sample 
(approximately 600 ee.) was spread over the surface 
of a sand flat in the greenhouse to observe germi- 
nation. 

Altogether 274 seedlings were obtained. Of these, 
129 were from soil within patches, 82 from soil at 
edges, and 63 from soil of bare interspaces. Besides 
16 seedlings that could not be positively identified, 
18 species of plants were represented. Insofar as the 
small numbers by individual species permit conelu- 
sions, nearly all show the same tendeney as the totals. 

From the fact that twice as many seedlings emerged 
from soil within vegetal patches as from bare inter- 
spaces, it appears that association of young plants 
with established vegetation relates partly to aceumu- 








114 


lation of seed. On the other hand, germination from 
bare spaces in this experiment was sufficiently great 
so that absence of seed cannot wholly account for 
lack of vegetation there. The experiments that have 
been described, in which grains of Agropyron were 
planted artificially, also indieate the operation of 
other factors. 

Another explanation for the coincidence of new 
plants and masses of established vegetation is graz- 
ing: plants in openings are more easily cropped than 
those embedded in a mass of relatively unpalatable 
vegetation, and the fact that openings are somewhat 
depressed below the general level encourages more 
than a proportionate share of injury by trampling 
there. It has already been shown that openings tend 
to become vegetated when heavy grazing is lightened 
or when grazing is excluded altogether, and that 
overgrazing may be considered the initial cause of 
most bare spaces. But the act of grazing cannot be 
the entire explanation of association, because asso- 
ciation is manifest, as in the Carrying Capacity 
Pasture, long after grazing is eliminated. The ex- 
periments in which Agropyron grains were planted, 
again, were performed in areas protected from 
grazing. 

Possibly subterranean foraging by pocket gophers 
(Thomomys talpoides moorei) influence association. 
The heavy tangle of roots and rhizomes in patches 
of Penstemon might be supposed to give sufficient 
mechanical protection to bulbs and roots of species 
desirable to pocket gophers so that they survive when 
similar plants growing in the open are eaten. Taraz- 
acum, which is known to be palatable to pocket 
gophers, and Melica, because of its bulbs, may be 
influenced in this way (Figure 3, Table 1). But this 
explanation, like that of grazing by livestock, accounts 
for too few of the facts. It is at variance with in- 
vasion of bare spaces on range protected from graz- 
ing, even though pocket gophers may be abnormally 
abundant (Table 7), and does not apply to several 
of the planting experiments in which association was 
demonstrated. 

Another explanation might be that the soil of vege- 
tated areas is innately different from that of bare 
spaces in the sense that the soils might be derived 
from diverse parent materials. On the contrary, 
wherever this phenomenon has been. observed, the 
parent material is essentially homogeneous. 

Beyond question, however, the soil is better in the 
vegetal patches because it is less severely eroded: 
Table 9, to be considered later, demonstrates its con- 
sistently higher organic-matter content. Persistent 
cover, in other words, preserves patches of surface 
soil, while the surface soil of intervening bare spaces 
is lost. That soil fertility is not the limiting factor, 
however, is indicated by those experiments reported 
here in which artificial shading materially increased 
seedling survival. They also indicate that the differ- 
ence is not due to specific substances given off by 
established vegetation which might favor survival and 
growth of other plants, as suggested by Went (1942). 
The fact that soil of bare spaces is capable of sup- 





ey ~ 7 ~ ~ 
LINCOLN ELLISON Vol. 19. 





Ecological Monographs 
F No. 2 
porting vegetation is shown by the exceptionally 
vigorous growth of those perennials that do manage 
to become established in openings, and by the eventual 
spread of vegetation over openings, given time and 
reduced grazing. The spread of Achillea over each 
of the four Bear Creek quadrats, with subsequent 
spread of other species from seed, is an example. 
Artificial contour trenches constructed on depleted 
slopes that are subsequently seeded and harrowed in- 
dicate that it is primarily lack of soil moisture, and 
not poor soil quality or the absence of specific growth 
substances, that prevents establishment of vegetation. 
In construction of these trenches a furrow is made 
along the contour, throwing up a ridge of soil (the 
“fill”) just below, so that run-off will be caught and 
held by the furrow and ridge. Seeded 
grasses are most successful in two places: chiefly in 
the bottom of the furrow, but also at the outside foot 
of the fill. They are less successful, and on some dry, 
hot sites wholly unsuccessful, on the upper parts of 
the contour ridge and on the broad slope area between 


comhined 


trenches. 

It is highly improbable that there are consistent 
differences in soil quality or in presence of growth 
substances at different positions on the fill which 
would account for the observed differences in plant 
response. It is also improbable that consistent dif- 
ferences exist between the soil of the fill and undis- 
turbed soil on the broad slope area between trenches 
like that from which the fill is derived. The chief 
difference appears to be one of soil moisture. The 
soil of the furrow remains moist longest because water 
accumulates there and because the ridge shelters it 
against evaporation. The outside foot of the fill, 
where plantings also flourish, is irrigated by seepage 
from the trench above, for at times moisture may be 
seen to glisten on its surface. 

Of all the influences relating to seedling establish- 
ment it would seem that greatest weight must be given 
the factors bearing upon the water relation. These— 
soil moisture, temperature, and wind—will be dis- 
cussed below, and will be followed by a consideration 
of soil disturbance which relates directly to them. 


MICROENVIRON MENTAL FACTORS 


SOIL MOISTURE 


It might be supposed that soil moisture beneath 
vegetation would be exhausted sooner than that be- 
low bare openings, for the statistics of water loss by 
plants show transpiration to be one of the principal 
diversions of soil water. To the contrary, observa- 
tions on the Wasatch Plateau indicate a higher soil- 
surface moisture under vegetation than in openings. 

After more than 6 weeks of drought during June 
and the first half of July, 1942, an inch of rain fell 
within the interval July 15-17. The rain was fol- 
lowed by clear, warm weather, and the writer observed 
on July 19 that while the soil surface of interspaces 
was quite dry, the surface under masses of vegetation 
defined by clumps of Penstemon was still damp. Soil 
moisture samples were collected two days later about 
a mile from where this observation was made, on a 
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TasLeE 8. Percentage of moisture, based on oven-dry 
weight, of soil samples collected from Penstemon patches 
and adjoining bare interspaces, in 1942. 
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TABLE 9. Moisture-containing properties of soil sam- 
ples collected from Penstemon patches and adjoining 
bare interspaces. 




















| 
Philadelphia | Head Ephraim | se Alpine Cattle 
Place Flat Canyon Pasture 
July 21 August 31 | date or 8 October 9 
“Depth ‘ | i | i * 
em. Veg. | Open Veg. | Open Veg. | Open Veg. Open 
~~ ae ee . 5.1 | 46] 3.6 | 5.4 | 3.3 | 5.3 | 3.6 
24.1 7.0 3.2 5.5 3.5 6.0 4.4 
13 21.8 113.5 | 9.3 | 4.1 | 8.0 | 4.4] 7.7 | 5.3 
12.1 5.6 | 8.7 6.0 11.9 6.5 
3-15 16.0 | 14.6 | 15.4 9.2 | 14.4 | 13.4 | 15.7 | 15.5 
| 15.5 12.1 | 13.9 3.5 | 18.0 16.9 
| | 
nage site. The results of the sampling are reported 


1 Table 8, together with those of samplings made in 
peers and again in October. 

The difference in moisture in the surface centimeter 
was still very great on July 21, 4 days after the rain. 
It was also pronounced in the 1-3 em. level. The 
difference probably did not extend very far below 
3 em., for the two values for the 3-15 em. level are 
only slightly different. 

By August 31 when vegetation 
wilt and shrivel, the difference in soil moisture was 
pronounced at all three levels. By October 8 and 9 
when most of the foliage had dried, after almost a 
month without rain, the difference evidently still ex- 
tended lower than 3 em. Throughout the table the 
percentage of moisture is greater under vegetal masses 
than under bare surfaces. 

The higher moisture pereentages in the lower half 
of Table 9, reflecting abundant precipitation during 
the first half of June, 1941, constitute additional evi- 
dence. The surface inch (0-2.5 em.) under vegetation 
contained markedly more moisture than that in the 
open, and a slight difference is apparent at the 1-3 
inch (2.5-7.6 em.) level. No essential difference is 
detectable at the 17-18 inch (43-46 em.) level. Thus 
these data, from a different season in a different vear, 
confirm the trends already described. 

Percentage moisture may not be an accurate index 
of the water available to plants, however. Further 
information is obtained from moisture-equivalent de- 
terminations in columns 7 and 8 in Table 9. 


was beginning to 


Moisture equivalents are higher under vegetation 
than in the open, at least down to 3 em. from the 
surface, and beyond this depth they are essentially 
the same. These higher moisture equivalents doubt- 
less result from a higher proportion of organic matter 
in the soil under vegetation, as shown in columns 3 
and 4. 

Higher moisture equivalents presumably mean, at 
a given moisture content, water available to 
plants. The stronger hold of the vegetated soil upon 
its moisture, therefore, tends to offset the advantage 
to seedlings of the higher moisture content. Is the 


less 


soil under vegetation effectively wetter or effectively 
drier than the soil under open spaces 

No direct determinations of wilting coefficients have 
been made for these soils. 


? 


Approximate wilting co- 





| | Organic 
| matter Moisture Moisture | Relative* 
percent percent equivalent wetness 
Place Depth |__ : Es | Se _ 
| : , 
Veg. Open| Veg. | Open | Veg. | Sesca Veg. | Open 
Sendai " } as | ——|— 
Philadel- | 0-1cm. | 9. 5.4] 3.3 | 33.7 | 26.2 [0.16 [0.13 
phia Flat | 1-3 cm. | 7.8 | 8.0} 4.4 | 30.4 | 25.5 | .26 | .17 
Oct. 8 1942} 3-15 cm.| 4.5 | 3.8 | 14.4 | 13.4 | 27.8 | 27.9 | .52 | .48 
| | } 
Alpine | O-lem. | 5.6 | 3.5 5.3 | 3.6 | 32.7 | 28.1 | .16 | 13 
Cattle 13em. | 5.9] 3.6| 7.7} 5.3 | 32.3 | 27.6 | .24 | 19 
Pasture 3-15 cm. | 4.8 | 3.2 | 15.7 | 15.5 | 30.9 | 28.7] .51 | .54 
Oct. 9 1942 | 
| | Ro 
Philadel- | C-1 in. 13.5 | 7.4) 31.5 | 26.6] .43 | .28 
phia Flat | 0-1 in. | 3 12.8 | 7.9 | 31.1 | 27.4] .41 | .29 
June 24 | | 
1941 1-3 in. | 16.8 | 15.2 | £ 
| 1-3 in. 16.2 | 15.5 | | , 
ae | 
4-5 in. | | | 27.3 | 27.6 | -62?4| .55? 
| 
| 4-6 in. | | 27.4 | 27.3 | .59? | .57? 
} | | | | 
12-18 in. | ’ 26.9 | 28.0 {1.107 | 9st 
} 12-18 in. .. | 27.6 | 28.2 7? |1.04? 
| 
17-18 in. . | 29.5 | 27.5 
17-18 in. 26.9 | 29.4] .. | 





*Relative wetuess: moisture percent divided by moisture equivalent. 

TAll moisture samples in 1941 were not collec’ ‘ted at exactly the same depths as 
the samples for analysis. Computations of relative wetness based upon moisture 
samples from 1-3 in. and moisture-equivalent samples from 4-6 in. (or from 17-18 
in, and 12-18 in., respectively) are therefore questioned. 


efficients might be computed from the moisture- 
equivalent data, of course, but the desired information 
assumptions if the data are 
expressed in ratio form. (The only assumption in- 
volved is that the moisture content at which water 
becomes unavailable to seedlings is proportional to 
the moisture equivalent.) This is done in the columns 
headed “relative wetness” which is the ratio of mois- 
ture percentage to moisture equivalent. Except in 
two instances at low soil levels where differences be- 
tween moisture contents and between moisture equiv- 
alents are small, relative wetness is seen to be higher 
under vegetation than in openings. Thus the indiea- 
tion is still that effective moisture is greater, and 
persists a longer time, in soil under vegetation than 


can be gotten with fewer 


in soil of openings. 

Indirect evidence is provided by a root transeet 
dug to a depth of 3 feet droge a Penstemon mass 
and adjoining bare areas in 1941. It was supposed 
at the time that the ais was wetter in the bare areas 
and that therefore roots from the vegetal mass would 
tend to flare out so as to feed on this moisture. 
Actually they did not. Most Penstemon roots went 
traight down, and the same is true of roots of numer- 
ous plants of Agoseris and Viola growing in the Pen- 
stemon. Two Penstemon roots were observed to go 
off laterally but they were at depths greater than a 
foot. One of these which was followed for some 
distance in the stiff clay soil did not strike out into 
the open ground but tended to cirele back close to 
the edge of the main root system. 
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All the evidence, then, points in one direction—to 
a greater moisture content beneath masses of Pen- 
stemon. Further experimental work is necessary to 
explain why this difference exists. It would seem that 
efficient infiltration under vegetation and retardation 
of evaporational loss are more than sufficient to offset 
losses by transpiration and interception. Or perhaps 
moisture is transported from the subsoil by deep- 
rooted plants to the surface soil where it is available 
to shallow-rooted plants, as Breazeale and Crider 
(1934) have demonstrated in laboratory experiments 
with semi-arid soils. Whatever the explanation, for 
our present purpose it is sufficient to understand that 
seedlings in Penstemon masses are not necessarily 
handicapped for moisture, and very probably are 
favored in this respect, at least part of the time, as 
compared with seedlings in bare interspaces. 


TEMPERATURE AT SOIL SURFACE 


Studies in numerous vegetal associations show that 
a pronounced ameliorating influence is exerted by 
vegetation upon soil surface temperature. The fol- 
lowing examples illustrate the differences in temper- 
ature that exist in patehy vegetation of the Wasatch 
Plateau. 

Measurements in 1941 show the bare surface to 
be considerably hotter during the middle of the day 
than the soil surface under vegetation (Figure 10). 
The difference at Station A, as given by laboratory 
thermometers, averaged 11.5° C. (20.7° F.) from 
9:30 a.m. to 4:30 p.m. on June 19. On June 20 at 
Station B from 10:00 a.m. to 4:00 p.m. the difference 
averaged 11.4° C. (20.5° F.). At Station C on July 
3 the maximum difference, 31° C. (55.8° F.), was 
attained at noon. The difference might have been 
greater, for the maximum is usually reached about 
2:00 p.m., had it not been for clouding that caused 
the temperature of the exposed surface to drop 
sharply. At Station D thermometers were placed in 
the shade of Chrysothamnus shrubs rather than under 
herbaceous cover. The maximum difference was of 
the same order of magnitude as that obtained by 
comparison of bare surfaces with Penstemon masses 
at Station C on July 3 and was sustained for at least 
2 hours. Seedlings of several species growing on 
open ground have been observed with scars which in 
some instances have been so deep as to almost pinch 
the stem in two. These were just above soil level 
and were thought to have been a result of extreme 
heat. 

It is to be noted also in Figure 10 that fluctuations 
in temperature were much greater on bare ground 
than in the shelter of vegetation. 

The weather during much of 1941 was unusually 
cool and cloudy, so there is reason to believe that the 
maximum temperatures and differences reported here 
fall short of those experienced during long periods 
of clear, hot weather. 

Diurnal fluctuations in temperature are shown in 
Figure 11. These measurements were made late in 
October, and although they may not represent a crit- 
ical period in the development of young plants, they 
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Fig. 10. Temperatures at surface of exposed soil 


(crosses) and under vegetation (circles) at 4 stations 
in 1941. Station A 9,900 ft., June 19; Station B 9,000 
ft., June 20; Station C 9,000 ft., July 3; Station D 
10,200 ft., July 10. 


suggest tendencies probably manifest at all times dur- 
ing the snowfree season. The soil surface in the 
open became hotter for 8 hours during the day and 
colder for 16 hours during the night than the soil 
surface under grass. During summer the hot pe- 
riod would of course be longer and the cold period 
shorter. At no time during this observation did the 
average temperature of the surface under vegetation 
drop below freezing, whereas in the open a minimum 
of —3.4° C. (25.9° F.) was reached. 

These illustrations make it clear that masses of 
vegetation insulate the soil surface against sudden 
extremes of heat and cold by lessening the rapidity 
of temperature change. In preventing excessive heat- 
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Fic. 11. Temperatures of exposed soil surface 
(crosses), of surface beneath tufts of Bromus carinatus 
(circles), and of air (dotted line), from 8:30 a.m. Octo- 
ber 21 to 10:10 p.m. October 22, 1942. Soil surface 
temperatures from laboratory thermometers, air temper- 
atures from thermometer in nearby standard instrument 
shelter. Great Basin Branch Station Headquarters, 
8,850 feet. 


ing this insulation also reduces water loss through 
transpiration and evaporation. All in all, the equable 
temperatures under established vegetation are un- 
doubtedly more favorable to survival and growth of 
young plants than the extreme, erratic temperatures 
of bare ground. 


MOVEMENT OF AIR 

Movement of air close to the soil surface in vege- 
tation is obviously much less than in bare interspaces; 
simple observation of the movement of leaf fragments 
indicates that the difference is considerable. There 
can be no question but that the more rapid move- 
ment of air over bare ground hastens evaporation, 
so that the rate of water loss from plants isolated in 
the interspaces is much higher than from similar 
plants in vegetal masses. 

The rapid heat loss at night from an exposed soil 
surface as compared with a surface under vegetation, 
which has already been mentioned, may largely be 
attributed to convection by moving air. 

Because vegetation checks wind movement, what- 
ever load the wind may be earrying tends to deposit 
in vegetation rather than in the interspaces. Mention 
has already been made of the possibility that more 
seeds may lodge in the vegetal masses than in ad- 
jacent bare spaces. During early snowfalls with 
high wind, snow collects within and at the edges of 
masses of vegetation. Repeated storms of this sort, 
or possibly fine rains accompanied by wind, could 
result in the accumulation of a considerable differ- 
ence in precipitation. Particles of dust and organic 
matter accumulate in vegetal masses, at the expense 
of bare spaces. All these reactions favor seedling 
establishment in vegetation as compared with bare 
openings. 
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MOVEMENT OF SOIL 

Surface soil in openings is subject to more dis- 
turbance than soil under vegetation, and has fewer 
restraints put upon its movement. A great many 
factors act and interact to create disturbance— 
changes in temperature, changes in moisture, the 
force of wind, burrowing of pocket gophers, and 
trampling of livestock. 

It is well known that the impact of rain upon a 
bare soil surface makes the water turbid, tending 
thereby to seal the soil pores and check infiltration, 
so that water flows over the surface instead of sink- 
ing into the soil, carrying sediment, eating channels, 
and undercutting plants. In masses of vegetation, 
however, the impact of raindrops is broken by foliage 
and surface litter, and the porous, root-filled soil ab- 
sorbs water readily so that relatively little run-off 
and erosion normally result. 

The harsh clay soil of bare interspaces is subject 
to much more stress from changes in moisture con- 
tent and temperature than the more highly organic 
soil of vegetal patches. Instead of cracking and 
caking in drying, the soil of vegetal patches simply 
becomes more crumbly. Perhaps the most marked 
difference in behavior under temperature change is 
the difference in frost heaving, which is much more 
pronounced in bare spaces than under vegetation. 

Over-concentration of livestock, resulting in close 
cropping and severe trampling, has already been 
mentioned as the initial cause of patchiness in vege- 
tation. Large animals create soil disturbance because 
they displace soil in walking over steep slopes and 
because their hoofs cut up a smooth surface and 
pulverize soil that may be caked from rain or loose 
from frost heaving. Some of the soil they stir up 
is put into the air immediately and is transported 
by wind; some is simply made more liable to sub- 
sequent removal either by wind or water. In any 
case there is a likelihood of damage to those plants 
that have gained a foothold in the bare interspaces, 
and this likelihood is intensified by the fact that ani- 
mals walk proportionately more upon depressed bare 
spaces than on elevated vegetal patches. 

Pocket gophers play an important part in soil 
erosion from range that has been depleted by over- 
grazing. A conservative estimate puts annual dis- 
placement of soil at the surface in the magnitude 
of 5 tons to the acre in the subalpine zone of the 
Wasatch Plateau (Ellison 1946). What is par- 
ticularly significant to the present study is the fact 
that pocket gophers tend to cast up soil more fre- 
quently in the interspaces between vegetal patches 
than in the vegetal patches themselves. This tendency 
has been repeatedly observed not only with summer 
mounds, but also at times with winter earth cores 
(Figure 12). Part of the differences in seedling mor- 
tality in studies 1 (Table 3) evidently reflect 
this tendency. 

Displacement of soil by pocket gophers tends to 
perpetuate bare openings between vegetal masses in 
three ways. First, the exposed soil is subject to 
erosional instability. Second, plants that have be- 
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Fic. 12. A mosaic of Penstemon patches and depressed 
areas of essentially bare ground, showing tendency for 
winter earth cores of pocket gophers to occur in bare 
openings. Tape in background, extending from knife to 
tape case, is one meter long. 


come established and begun reclamation of the inter- 
spaces may be covered with soil and killed. And third, 
gopher diggings themselves are inhospitable to seed- 
lings as compared with soil that is sheltered by 
vegetation. 

A eareful study of many quadrat charts made 
subsequent to the appearance of mounds supports 
general field observation by showing that mound areas 
usually persist, largely bare of vegetation, for a year 
or more after the original charting. Winter cores 
upon eroded soils are usually of harsh, lumpy clay 
and would not make a very suitable seedbed even if 
seed were available to grow on them in spring. By 
late summer when new seed is being dispersed they 
are partly washed down, but their unmellowed soil 
remains an inhospitable seedbed for at least a year, 
and sometimes for 2 or 3 years. 

The influence inhibiting establishment of vegeta- 
tion on gopher diggings appears to be microclimate 
in combination with the physical characteristics of the 
upeast soil. The first colonists are commonly rhizom- 
atous species, frequently Achillea, and less com- 
Perennials that reproduce only 


monly annual weeds. 
But even ruderals 


by seed are conspicuously absent. 
frequently show positive association with vegetated 
areas and fail, relatively, in occupation of areas cov- 
ered by gopher diggings (Table 5). 

OBSERVATIONS OF ASSOCIATION BY OTHERS 

Association between invading plants and_ estab- 
lished vegetation has been observed oftenest in desert 
and semidesert parts of the Southwest. 

Shreve (1931) calls attention to the greater abun- 
dance and size of herbaceous vegetation and its longer 
period of growth in the shade of desert shrubs and 
trees than in unshaded areas nearby. He presents 
measurements of soil temperature, soil moisture, and 
evaporation, in the two environments, and attributes 
the difference in herbaceous vegetation to micro- 
climatie factors during critical rainless periods while 
the plants are young. 

Went (1942) reports association between certain 
annuals and desert shrubs. His observation that in 
some instances particular species of annuals show a 
preference for particular species of shrubs leads him 
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to infer that “there is a specifie effect of shrubs, 
which must be ascribed to specific materials given 
off by them’—that is, presumably chemicals or hor- 
mones of some sort. The reasons why this explana- 
tion has not been considered applicable to association 
on the Wasatch Plateau have already been given. 

Emerson (1932) and Meagher (1943) note that 
in the pinyon-juniper type young trees are most 
commonly found under crowns of large woody plants 
rather than in openings between. Emerson interprets 
the association wholly in terms of seed dispersal by 
birds and small mammals, and believes that “shade 
or other protection is not necessary to the growth 
of the seedlings.” Meagher, however, suggests that 
dispersal by animals may be but one of several 
effective factors. He tested the influence of artificial 
shading, watering, and combined shading and water- 
ing, upon planted seeds of pinyon and juniper, and 
found that the artificial treatments shortened the 
germination period, as compared with that on un- 
shaded, unwatered check-plots, and greatly increased 
survival. Significantly, although a total of some 45 
inches of water was applied each season, in addition 
to natural rainfall (annual precipitation is usually 
less than 18 inches), shading alone proved to be 
about as effective as watering alone in promoting 
germination and survival. 

Regeneration of Pinus ponderosa in the Southwest 
ander severe grazing bears a similarity to regenera- 
tion of range plants described in this paper. Pear- 
son (1923) concluded, from a study of three grazed 
and trampled plots on heavy clay soil, that chances 
for survival and establishment of seedlings were 6 
to 15 times as good under herbaceous cover as on 
the unvegetated surface. On loose, cindery, voleanie 
soils, also, seedlings that occurred were almost in- 
variably within herbaceous vegetation. Here, he rea- 
soned, the bare, excessively loose and coarse surface 
was unable to hold the moisture needed for establish- 
ment. Studies of subsequent development of pine 
seedlings led Pearson to conclude that “the protection 
afforded by herbaceous vegetation is not an unmixed 
blessing,” for competition from the herbaceous vege- 
tation checked their rate of growth. In later papers 
describing continued research on ponderosa pine re- 
generation, Pearson (1934, 1942) stresses the unfavor- 
able influence of established herbaceous vegetation on 
pine seedlings. 

It is notable that Pearson’s early studies, which 
demonstrate positive association, were made on severely 
grazed range, whereas his later studies were made 
on moderately grazed range or on plots entirely pro- 
tected from grazing. The difference in seedling be- 
havior between the earlier and later studies may well 
relate to this fact It will be recalled that observa- 
tions given earlier in this paper indicate that asso- 
ciation is most clearly manifest on range that has been 
heavily overgrazed. The interpretation placed upon 
these observations is that severe grazing and trampling 
create or intensify a microenvironment in bare inter- 
spaces that is unfavorable to establishment of seed- 


lings. 
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In the drier part of the Douglas-fir type in Oregon 
McCulloch (1942) has demonstrated a positive cor- 
relation between presence of bracken fern and _ re- 
generation of Douglas-fir. Bracken fern was cut off 
a series of plots for 4 successive years, while on 
parallel plots it was left undisturbed. At the end of 
4 years there were more seedling firs, and they tended 
to be larger and generally greener, on plots with 
bracken than on plots where it had been removed. 
McCulloch’s explanation is that the microclimate 
under bracken is the more favorable. He _ believes 
that roots and rhizomes of bracken are too deeply 
buried to compete with roots of seedling firs. 

In considering plant interactions, ecologists usually 
emphasize competition rather than dependence (in the 
sense of Yapp, 1925), and perhaps it is the more 
important and the more worthy of emphasis. How- 
ever, the foregoing observations of Shreve, Emerson, 
Meagher, MeCulloch, and perhaps Went, suggest de- 
pendence rather than competition. Pearson’s early 
observations suggest dependence, and his later ob- 
servations, under altered circumstances, competition. 
Most of the observations presented in this paper 
emphasize dependence, and, in addition, some of 
the planting experiments demonstrate competition 
(studies 6 and 7). 

One is led to conclude that dependence and com- 
petition occur simultaneously, and that the effect ob- 
served is a resultant of their relative intensities. A 
seedling growing among older vegetation, as compared 
with one in the open, might be imagined to enjoy a 
more favorable microclimate most of the time, but in 
certain critical periods, or when it reaches a certain 
size, perhaps, to suffer from competition. The seed- 
ling growing in the open would have less competition 
to contend with, but would suffer from so severe a 
microclimate that competition would be the lesser 
This latter explanation appears to be best in 
‘“angeland 


evil. 
accord with the observations on depleted 
reported in this paper. For, in spite of competition, 
many plants have reached maturity in vegetal patches 
while those in openings fail to gain a foothold. 

Differences in the intensity of association shown 
by different species with a given established species 
are undoubtedly related to inherent differences in the 
genetic make-up of the invading species. Differences 
in the intensity of association by the same species 
from year to year probably relate to variations in 
microclimate resulting from variations in weather. 
Even those species showing most consistent dis- 
sociation (Table 4) show positive association under 
some circumstances; e.g., the new Viola plants of 
1929 and 1940 in Table 6. The observed differences 
in the intensity of association in relation to intensity 
of grazing and to erosion potential relate to differ- 
ences in microclimate and surface stability. Thus 
difference in microenvironment (genetic differences 
being held constant), appears adequate to explain the 
association reported in this paper beween invading 
plants and established vegetation. 


PRACTICAL CONSIDERATIONS 


To range-watershed managers patchiness of vege- 
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tation should suggest that “problem areas” are not 
always conspicuous and extensive, of the order of 
magnitude of an acre or more. An entire vegetal 
type that is patchy is shot through with small “prob- 
lem areas.” It is the open spaces, essentially barren 
of vegetation and aggregating a considerable body 
of land, which remain unproductive of forage year 
after year. It is from these open spaces that most 
of the soil loss takes place. And it is the open spaces 
that limit the efficacy of the land as watershed. In 
judging range condition, therefore, range managers 
would do well to pay proportionately less attention 
to vegetation, and more to the between 
vegetation. 

The presence of bare patches alternating with 
patches of vegetation should be a warning that a 
very unfavorable environment, over which vegetation 
is able to exert scant control, is being permitted to 
exist. Corrective management can take many forms, 
but in any case a range manager’s objective will be 
to permit established vegetation to grow sufficiently 
tall so that its influence on the soil surface and the 
atmosphere just above may be extended into the 


spaces 


interspaces. 

In the history of range management emphasis has 
been laid upon the necessity for moderation in graz- 
ing so that vigor of established plants might not be 
impaired. Emphasis has also been laid upon the 
necessity for moderation in grazing to permit ade- 
quate seed production. In the present paper a third 
justification for moderation in grazing appears: the 
desirability of control over microenvironment by the 
vegetation. The facts suggest that surfaces most in 
need of cover will not revegetate naturally unless a 
microclimate more nearly like that beneath established 
vegetation is provided. 

But more effective control of grazing is only part 
of the answer to rehabilitation of subalpine range- 
watershed lands. Experience has shown that some 
slopes have been so badly deteriorated and have such 
unstable soil that erosion continues practically un- 


checked even though all livestock are removed. For 
these areas artificial measures are necessary.  Arti- 
ficial reseeding and contour trenching have been 


effective in some instances, but in others reseeding 
alone or in combination with terracing has failed. 
The results of the present study indicate that pro- 
viding more favorable microclimate and soil stability 
are essentials. On a practical scale, these objectives 
probably can be achieved by mulching. This con- 
clusion is supported by results of mulching under 
arid conditions in the Southwest by Glendening 
(1942), on eroded lands of the Plains by Elwell 
(1945), and by others. 

This paper has considered a rather special case 
of natural revegetation, restricted largely to level or 
slightly sloping ground where deterioration has gone 
only part way. In this special case an obvious con- 
trast in microenvironments and in current soil erosion 
is provided between vegetal patches and essentially 
barren interspaces close by. In point of seriousness 
this partially deteriorated condition cannot compare 
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with those extensive areas mentioned earlier which 
have lost practically all their original perennial vege- 
tation and much of their soil. Many of these areas 
are steep slopes where soil once disturbed is highly 
unstable. The degree to which most of them have 
deteriorated is not directly determinable because they 
lack erosion-resistant patches of persistent vegeta- 
tion to serve as bases for comparison; but that they 
have lost much soil is certain from the extent of loss 
on areas of lower erosion potential. The difficulties 
of regeneration by natural means with unstable and 
severely deteriorated soil, distance from seed source, 
and distance from sheltering influence by established 
perennial vegetation, are much greater on these areas 
than in the special case under consideration. Thor- 
ough understanding of the realities of the special case, 
however, should help range managers visualize more 
clearly the magnitude and nature of the larger task. 


SUMMARY 


This paper deals primarily with certain depleted 
plant communities of the subalpine upland-herb asso- 
ciation of the Wasatch Plateau in central Utah. Here 
much of the original herbaceous vegetation was de- 
stroyed by overgrazing years ago. Widespread soil 
erosion, less severe today than formerly, but. still 
occurring, is the rule rather than the exception. Re- 
invasion of vegetation has been strongly influenced 
by grazing pressure and erosion. Only a small pro- 
portion of the area of herbaceous uplands in the 
subalpine zone has yet had its soil adequately stabi- 
lized by vegetation. 

Permanent plot records show that soil surfaces 
which are essentially bare of perennial vegetation 
may persist in that condition for many years. At 
the same time adjacent surfaces covered with a 
growth of dense, rhizomatous vegetation, particularly 
Penstemon rydbergii, maintain their identity, and 
under some conditions change very little in appear- 
ance, over similarly long periods. A corollary of 
this observation is that new plants of other species 
tend for the most part to become established within 
the Penstemon patchess, not in the bare spaces where, 
for soil protection, they are most needed. Other 
rhizomatous species than Penstemon—Achillea lanu- 
losa, Artemisia discolor, Erigeron ursinus, and Aster 
foliaceus—form similar, though less_ persistent, 
patches, and harbor seedlings of later invaders. 

Evidence of association between new plants and 
established vegetation may be observed rather gen- 
erally. A number of transects and permanent 
quadrats in depleted upland-herb communities are 
described for illustration. A similar tendency is ob- 
served in the low-shrub community in the subalpine 
zone dominated by Chrysothamnus viscidiflorus. The 
community spreads to eroding land by the establish- 
ment of young Chrysothamnus plants in tufts of Stipa 
Essentially similar observations are re- 
ported from the oakbrush zone of the Wasatch 
Plateau, and the subalpine zones of the Aquarius 
Plateau and Wallowa Mountains. 

Planting experiments in the subalpine zone of the 
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Wasatch Plateau corroborate these observations. 
Agropyron trachycaulum was planted within patches 
of Penstemon, at edges of patches, and in adjacent, 
relatively bare openings. Survival of grass seedlings 
was greatest inside patches of Penstemon, least in 
openings. 

Intensity in degree of association varies. Most 
species show a tendency for positive association, but 
with some species no such tendency is shown (e.g. 
Stellaria, Table 2), and with some others negative 
association, or dissociation, may be detected (eg. 
Viola, Table 6). It is unfortunate for the land that 
those species which show dissociation most strongly, 
and grow in the openings more than any others, are 
generally ephemeral in character and least effective 
Intensity of association also varies with 
character of season, as shown by permanent quadrat 
records (Table 6). A correlated observation is that 
the more severe the site, in terms of instability and 
physical condition of the surface soil, the stronger the 
tendency for association. Intensity of association 
appears to vary directly, too, with intensity of graz- 
ing and trampling by livestock. 

Among biotic factors which might be considered 
responsible for the presence of new plants in patches 
of established vegetation and their absence in open- 
ings, grazing animals are certainly important. Heavy 
grazing and trampling were what originally denuded 
the herbaceous uplands of the Wasatch Plateau. 
While grazing animals help to maintain the patech- 
iness of vegetation, they are not more than a con- 
tributing cause to the phenomenon of association 
described in this paper, because association is demon- 
strated, both by observation and experiment, where 
livestock have been excluded. Subterranean foraging 
by pocket gophers may be a factor, and probably 
the tendency of pocket gophers to disturb more soil 
in openings than in patches of densely rhizomatous 
vegetation helps to keep the openings bare. Yet in 
places where pocket-gopher activity was not evident, 
seedling survival was still relatively low in openings. 

So far as edaphic factors are concerned, there 
appear to be no inherent differences in the soil of 
vegetal patches and openings. The soils are differ- 
ent, physically and chemically, and the difference re- 
sults from the presence of established vegetation in 
one place in contrast to its absence in another. These 
differences probably influence association, but they are 
not decisive, for on the same denuded soil experi- 
mental plantings under shade gave much better re- 
sults than in the open. These plantings also rule out 
the possibility that chemical growth substances, which 
might be given off by established vegetation (Went 
1942), are responsible for association. 

The planting experiments confirm a conclusion to- 
ward which observational evidence points. This is 
that moisture at and near the soil surface, together 
with soil instability, are the most important factors in 
explaining association of new plants with established 
vegetation and absence of new plants in openings. 
Temperature is less extreme under vegetation than 
in the open, and frost heaving of the soil is less 
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common. Moisture in the surface soil persists longer 
under vegetation than in the open. In short, from 
the standpoint of a seedling plant, the water balance 
in openings is less favorable than under established 
vegetation. 

Demonstrable association leads to the conclusion 
that the favorable influence of vegetation on micro- 
environment outweighs its influence in competition, 
which presumably is greater within established vege- 
tation than away from it. Observed association, 
therefore, appears to be a resultant of two opposed 
forces or factor complexes. This conclusion is sup- 
ported by the observation that association is more 
marked as the surface of exposed bare spaces is more 
eroded, or more unstable, or as current rainfall is 
more deficient. 

A range-watershed manager is concerned with 
bringing about restoration of vegetal cover as quickly 
as possible. The observations reported in this paper 
indicate that he should regulate grazing so as to pro- 
vide, through the influence of vegetation already on 
the ground, the best possible microenvironment for 
establishing new plants. 
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AN ECOLOGICAL STUDY OF THE BLACK FOREST, COLORADO 


INTRODUCTION 


Disjunct communities of the montane forest of the 
Rocky Mountains occur eastward across the Great 
Plains far into Nebraska (Pound & Clements 1900; 
Tolstead 1947). One of the largest of these com- 
munities, known as the Black Forest of Colorado, 
occurs near the mountains on the upper portion of 
the divide which separates the South Platte and 
Arkansas rivers. The causal factors permitting this 
and similar extensions of the coniferous forest into 
the mixed prairie grasslands have not been well 
established. Knowledge of the factors which permit 
the establishment and survival of these communities 
in semi-arid grassland regions should be of practical 
value as a tool in the evaluation of sites for afforesta- 
tion or shelter belt plantings. 

The purpose of this study, which was undertaken 
in the Black Forest region, was to: 

1. Analyze these arborescent communities for com- 
position ; 

2. Determine the relationships of arborescent and 
adjacent grassland communities to climatic and eda- 
phie factors ; 

3. Study the trends of secondary succession in the 
forest; and, 

4. Learn whether the limits of the forest are static 
or moving. 

These studies were to be made in order to learn 
if possible why the Black Forest occurs as it does, 
in an area otherwise dominated by mixed prairie 
vegetation. 

The forest communities in the mountains of the 
Pikes Peak region have been studied rather thor- 
oughly; however, few detailed studies have been made 


in the forest communities which extend onto the 
plains. Shantz (1906), having made observations in 


the Black Forest and other pine communities on the 
plains east of Colorado Springs, concluded that the 
forest communities occurring on the plains were suc- 
cessfully invading the grasslands. Whitfield (1933) 
also suggested that the forest community was migrat- 
ing into the grassland but gave no specifie evidence 
of such a movement. Williams and Holech (1946), 
in a study of the vegetation north of the main mass 
of the Black Forest at an altitude of 6,500 feet at- 
tempted to determine: “(1) The reason for the ex- 
tension of the ponderosa pine forest out over the 
plains and (2) the causes of the prevailing zonation, 
especially the peculiar location of the pine at the 
tops of the ridges.” They concluded that climatic 
factors could not be considered as causal factors to 
explain either the peculiar zonation of the forest or 
its migration onto the plains. They suggested that 
soil factors are the most important in causing the 
zonation and promoting the migration. 


The region under consideration lies within the 
Colorado Piedmont of the Great Plains physiographie 
province (Fenneman 1931) on the western portion 
of the Platte-Arkansas divide. This divide is one 
of the most important topographic features of the 
Colorado plains. The summit lies approximately 25 
miles north of Colorado Springs, and stretches east- 
ward, perpendicular to the front range of the Rocky 
Mountains. The average maximum altitude attained 
at the summit is approximately 7,500 feet, with a 
gradual descent occurring to the north, south, and 
east. The descent is much more gradual to the east 
than to the north or south where it averages about 
45 feet per mile. The divide is characterized topo- 
graphically by gently rolling prairies and flat plains. 

Although the Black Forest occurs near the summit 
of the divide, its position is not correlated with alti- 
tude (Fig. 1). Climax mixed prairie vegetation ex- 
tends to the summit of the divide and occupies almost 
as much of the summit as does the forest. The forest 
proper lies for the most part south of the summit, 
extending down the slope to approximately 7,000 feet. 
Outlying areas of the forest appear on the slopes 
of bluffs and buttes, and on rocky outcrops down to 
altitudes as low as 6,000 feet. The location of one 
well developed forest stand on the south facing slope 
of a bluff is shown east of Colorado Springs at an 
altitude of less than 6,500 feet (Fig. 1). 

This is a portion of a thesis accepted as partial 
fulfillment of the requirements for the degree of Doe- 
tor of Philosophy in the Graduate School of Arts 
and Sciences of Duke University in 1947. 

The writer is indebted to Dr. Henry J. Oosting 
for his advice pertaining to the studies and for his 
assistance in the preparation of the manuscript. The 
writer wishes, further, to express his indebtedness to 
the late Dr. Frederic E. Clements for suggesting the 
problem and for advice and assistance during the 
early phase of the field study. 


CLIMATE 

All areas of the Great Plains have a similar climate 
with essentially the same distribution of precipitation 
and temperature during the year. The climate of the 
Black Forest region is similar to other portions of 
the Great Plains and is characterized by an arid cold 
season and a warm season during which most of the 
annual precipitation occurs. 


PRECIPITATION 
The mean precipitation for that portion of the 
Platte-Arkansas divide included in this study varies 
from about 15 inches at lower altitudes to over 20 
inches at the summit of the divide. Over 75 percent 
of the total precipitation for all stations in this 
region occurs during the 6-month period from April 
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Fic. 1. Map of the Black Forest region showing lo- 
cation of forested areas and stations used in the study 
of forest and chaparral communities. 


1 to October 1. A characteristic local tendency to- 
ward drought in June is a feature not typical of most 
other portions of the Great Plains. Smith (1940) 
and Carpenter (1940), in climographic studies of 
the “short-grass” plains, noted but one period of 
heavy precipitation; this occurring in the early part 
of the growing season. This period of heavy pre- 
cipitation was followed by a decrease in rainfall dur- 
ing the later part of the growing season. Stations 
on the Platte-Arkansas divide all show two periods 
of heavy precipitation; the first occurring during 
April and May, the second during July and August. 
The mean precipitation for all stations is less in 
June than for either the preceding or following 
months. 

There is a marked difference in intensity of rain- 
fall during the two periods of maximum rainfall. 
Spring rains are frequently of several days duration, 
with a relatively low hourly rate, resulting in low 
run-off and high penetration. In late summer, rains 
generally occur as heavy afternoon downpours. They 
are often local in distribution, and are usually marked 
by a relatively high run-off rate with resulting low 
penetration. 

Precipitation increases directly with increased alti- 
tude at about the same rate on north and south 
slopes of the divide. The mean annual precipitation 
at Pueblo, 4,685 feet, is 11.54 inches; at Denver, 
5,283 feet, 13.99 inches; at Colorado Springs, 6,098 
feet, 14.19 inches; at Castle Rock, 6,201 feet, 17.04 
inches; and at Monument, 7,200 feet, 19.41 inches. 
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At the summit of the divide, 7,600 feet, precipitation 
is consistently higher than that recorded at Monu- 
ment. Observations made by the United States Soil 
Conservation Service during recent years indicate 
that the precipitation at the summit is in excess of 
21 inches. 

Whitfield (1933) noted similar increased precipita- 
tion with increased altitude in the mountains of the 
Pikes Peak region. A comparison of his data with 
U. S. Weather Bureau records for plains stations 
indicates that the mean annual precipitation at a 
given altitude on the plains is approximately equal 
to the mean annual precipitation at the same alti- 
tude in the nearby mountains. 

TEMPERATURE 

Within a given region there is a marked variation 
in temperature at different altitudes, and at a given 
altitude there is often a marked variation in temper- 
atures within plant communities of different life- 
forms. Whitfield (1933) found that with an increase 
of 1,000 feet in altitude the mean annual temperature 
decreased about 2.5° in the mountains of Colorado. 
U. S. Weather Bureau records for plains stations on 
the western portion of the Platte-Arkansas divide 
show a similar mean annual decrease of 2.9° for each 
1,000 feet increase in altitude. 

Temperatures within plant communities of dif- 
ferent life form at a given altitude have been studied 
by many research workers. Pearson (1931), com- 
paring temperatures in ponderosa pine forests and 
adjacent grassland communities, found the daily 
range to be 7.3° less in forest than in the grassland. 
Maximum temperatures were lower; minimum tem- 
peratures higher in forest than in grassland. Chap- 
man et al. (1931) noted similar differences between 
forest and dune communities near Minneapolis, Min- 
nesota. Williams and Holch (1946) observed that 
the daily range of temperature was least in forest, 
intermediate in chaparral, and greatest in grass- 
land communities in a study of these communities 
near the Black Forest. 

Weekly maximum temperature readings were taken 
at five stations in the Black Forest and adjacent 
grassland communities during the period from June 
20 to August 29, 1941. Maximum and minimum 
thermometers were placed in well-ventilated wooden 
shelters of a standard design at each of the stations. 
Two of the stations were located in grassland com- 
munities, two in forest stands, and one in chaparral. 
The stations were established at the following posi- 
tions: 

1. Grassland: 

a. Altitude 6,400 feet, a short distance east of 
Station 4, Figure 1. 
b. Altitude 7,500 feet, just north of Station 1, 
Figure 1. 
2. Forest: 
a. Altitude 6,400 feet, Station 4, Figure 1. 
b. Altitude 7,500 feet, Station 1, Figure 1. 
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3. Chaparral: 

Altitude 7,000 feet, Station 10, 

Temperature readings taken at the stations are 
shown graphically in Figure 2. These data show a 
marked decrease in both maximum and minimum 
temperatures both in grassland and forest communi- 
ties with increased altitude. The average maximum 
temperature was 6.5° lower, and the average mini- 
mum temperature was 4.4° lower in the grassland 
community at 7,500 feet than in the grassland at 
6,400 feet. The average maximum temperature in 
the forest was 5.6° lower and the average minimum 
temperature 6.3° lower at 7,500 feet than at 6,400 
feet over a comparable period of time. 

Maximum temperatures in the forest are consist- 
ently lower and minimum temperatures higher than 
those recorded in the grassland at the same altitude. 
The unusually low minimum temperatures recorded 
in the forest stand at 7,500 feet during the period 
from July 11 to August 1 (Fig. 2) were caused by 
a series of heavy hailstorms. Since radiation is re- 
duced and wind movement retarded in forest 
munities, the mass of hail on the ground cooled the 


Figure 1. 


com- 


air to a low temperature, frequently forming a 
ground fog. Similar cooling of the air mass in open 


grassland communities was never observed, although 
hail accumulated to approximately the same depth 
as in the forest. The low temperature in the forest 
during this period did not give a correct indication 
of the daily minimum temperature, as the low tem- 
peratures were usually attained during the afternoon 
and lasted for a short time only. 
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Fig. 2. Weekly maximum and minimum temperatures 


and chaparral for the 
1941. 


in forest, adjacent grasslands, 
period from June 20 to August 29, 


The maximum temperature in the forest community 
at 6,400 feet was higher at each reading than the 
maximum attained in the grassland community at 
7,500 feet, although the maximum temperature was 
consistently higher in grassland communities than in 
the forest communities at the same altitude. An 
average maximum temperature of 91.5° was recorded 
in the forest at 6,400 feet, but the average maximum 
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temperature for the same period of time in the grass- 
land community at 7,500 feet was only 87.3°. 

Temperature fluctuation is greater in grassland 
than in forest at the same altitude, but the range 
decreases between forest and grassland with increased 
altitude. The average weekly fluctuation of temper- 
ature in the forest at 6,400 feet was 5.6° less than 
in the grassland at 6,400 feet, but at 7,500 feet the 
average fluctuation in the forest was only 2.8° 
than in the grassland. 


less 


EVAPORATION 

During the growing season in the Great Plains the 
evaporation rate is generally high. This is caused by 
rather high temperatures, low relative humidity, and 
generally constant wind during the daylight period. 
Whitfield (1933) reported an average weekly atmom- 
eter loss of 326 cc. from white porcelain atmometers 
during the summer of 1928 on the plains near Colo- 
‘ado Springs. During the same period he reported 
decreased rates at higher altitudes in the mountains. 
Williams and Holch (1946) reported an average 
daily atmometer loss of 35.2 ce. in a pine forest, 
33.3 ce. in grassland, and 29.3 ce. in chaparral near 
the Black Forest. Their data thus show highest 
rates in the forest, intermediate in grassland, and 
lowest in chaparral. 

The evaporation rate was measured at six stations 
in different plant communities in the Black Forest 
region during the period from June 20 to August 29, 
1941. Stations were located at the same sites where 
temperature readings were made, with the addition 
of one station at an altitude of 7,000 feet in a 
land community adjacent to the chaparral at station 
10 (Fig. 1). 

Atmometers were set up with bulbs about 6 inches 
the tops of the tallest adjacent vegetation, 
forest stations where all bulbs were placed 
Evaporation data are 


ove == 
grass 


below 
except in 
16 inches above the ground. 
shown graphically in Figure 3. 
These data show that evaporation decreases rather 


uniformly with increased altitude in the same vege- 
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Fic. 3. Weekly evaporation in cubie centimeters in 


arborescent and adjacent grassland communities for the 
period from June 20 to August 29, 1941. 
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tation type. The average weekly atmometer loss in 
grassland communities was 353.3 ec. at 6,400 feet, 
but only 208.8 ce. at 7,500 feet, or 1.69 times as great 
at 6,400 feet as at 7,500 feet. The average weekly 
atmometer loss in forest communities was 278.7 ce. at 
6,400 feet, but only 149.2 ec. at 7,500 feet over a 
comparable period, or 1.86 times as great at 6,400 
feet as at 7,500 feet. 

Although evaporation rates were less in forest than 
in grassland at the same altitude, the evaporation 
rate in the forest at 6,400 feet was 1.54 times as 
great as in the grassland at 7,500 feet during the 
same period. Evaporation in the grassland was 1.23 
times as great as the average rate in chaparral at 
the same altitude. 

Paired black and paired white atmometers were 
set up in the forest and adjacent grassland com- 
munities at 7,500 feet to measure the effect of radiant 
energy on the evaporation rate. Several black bulbs 
were broken by eattle during the summer and only 
3 paired observations for periods of one week each 


were obtained. Average weekly losses from black 
and white bulb atmometers were as follows: 
Grassland Forest 
White Black White Black 
Weekly average ........ 215 349 192 220 


Evaporation from white bulb atmometers was only 
1.2 times as great in the grassland as in the forest, 
but evaporation from black bulbs was 1.58 times as 
great in the grassland as in forest. Thus it appears 
that the greater radiant energy in the grasslands is 
more important in causing the higher evaporation 
rate in this community than are other factors. 


SOILS AND ROOT DISTRIBUTION 

Climatic and vegetation differences together with 
variation in the geological formation of the region 
have brought about the development of marked varia- 
tion in the soils occurring on the western portion of 
the Platte-Arkansas divide. Marbut (1935) shows 
two of the zonal groups of soil on the divide, namely; 
the Brown group at lower altitudes and the Chestnut 
group at higher altitudes. Much of the upper por- 
tion of the divide is, however, characterized by a 
weakly podsolized soil. The limits of this soil appear 
to be well correlated with the geological formation 
of the divide. Much of the upper portion of the 
divide is covered with an extensive deposit of con- 
glomerate rock, formerly known as the Monument 
Creek Formation (Darton 1906), but now designated 
as the Castle Rock conglomerate (Richardson 1915). 
This conglomerate deposit was derived from rocks of 
the front range of the Rockies, and was laid down as 
a fluvial deposit. It is from this deposit that the 
weakly podsolized soils have developed. All sites 
studied in the area where this soil is found are under- 
laid by a hard impermeable conglomerate rock at 
depths varying from 16 inches to 3 or 4 feet and 
support coniferous forest or chaparral vegetation. 

PHYSICAL PROPERTIES 

Soil samples were collected at several sites in the 

region at depths of 0 to 1 foot, 1 to 2 feet, and 2 to 
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* feet. In addition soil samples were taken from two 
stations in the main mass of the forest at depth 
levels of the various horizons. Representative sam- 
ples of forest and grassland soils were put through 
a 2 mm. soil sieve to remove all coarse materials, and 
the fine portion was then used in the determination 
of moisture equivalent and mechanical analysis. 

Permanent wilting percentages were determined on 
a portion of each sample, using the whole soil inelud- 
ing all textural grades. Sunflower plants were used 
in making the determinations. 


Mechanical analyses, moisture equivalents, and 
permanent wilting percentages of those samples 


analyzed are given in Table 1. The permanent wilt- 
ing percentages of those samples corresponding in 
depth and location to the sites where samples were 
collected for moisture percentage are included to- 
gether with the soil moisture data in Table 2. 

These data show wide variation in the textural 
grades of soils underlying the forest and adjacent 


communities. Forest soils are consistently gravel 
soils; grassland soils are sandy loams or finer. Cor- 
respondingly, moisture equivalent and permanent 


wilting percentage values are much higher in grass- 
land soils than in forest soils. 

The transition from coarse to fine textured soils 
is usually abrupt, generally coinciding with the 
forest-grassland border as shown in Figure 4-A. More 
detailed views are shown in Figures 4-B, and 4-C. 
These views, taken near station 1, were separated by 
about 100 feet; Figure 4-B was in the grassland 
about 50 feet out from the forest edge; Figure 4-C, 
in the forest, about 50 feet in from the edge. This 
abrupt soil change was general at all forest-grassland 
borders of the main mass of the forest. 


TaBLE 1. Mechanical analysis, moisture equivalent, 
and wilting percentage of representative soils in and 
near Black Forest. 
















































































PERCENT Moisture 
Eauiva- 
Depth | | | lent Wilting 
Location Texture in.) |Gravel|Sand | Silt | Clay Percent 
Forest | Gravel 1- 3| 33.7 |53.0 |10.9 | 2.4 | 10.92 | 4.26 
Sta. 1 Gravel 3- 9| 35.1 [49.6 |11.5 | 3.8] 5.38 1.77 
Gravel... 9-20 | 47.7 |44.0 | 3.4| 4.9] 3.98 : 
Gravel. . 20-36 | 52.9 (37.6 | 3.2 | 6.3 4.68 2.98 
Forest Gravel. . 0- 2) 46.8 {48.1 | 2.1 | 3.0] 5.37 1.67 
Sta. 2 Gravel... 2- 5| 41.0 |42.6 [14.6 | 2.8 6.86 5.54 
Gravel ; 5- 8| 52.0 |40.0 | 2.4) 5.6] 3.69 3.34 
Gravel. . 8-36 | 41.8 |50.9 | 5.3 | 2.0) 2.92 | 1.17 
Forest Gravel. 0-12 | 29.5 |53.6 |13.3 | 6.3 | 5.62 4.64 
Sta. 13 iravel.......| 12-24] 38.8 |52.5 | 5.6 | 3.1 2.76 1.15 
Gravel. 24-36 | 34.8 |50.3 |10.4 | 4.5) 3.18 | 1.16 
| 
Grassland | Sandy loam...| 0-12} 0.0 |71.3 |18.8 | 9.9 | 10.91 6.25 
near Sandy loam 12-24] 0.0 |65.8 |19.0 /15.2 | 12.84 9.57 
Sta. 1 Sandy loam...| 24-36 | 0.0 (66.7 /21.0 12.3 12.58 8.65 
Grassland | Sandy loam...| 0-12| 0.0 [71.1 |24.2 | 4.7 | 15.91 | 7.66 
northwest | Sandy loam 12-24| 2.1 |58.6 24.2 /15.1 | 19.49 6.57 
Sta. 2 Sandy clay | | 
loam... 24-36 | 0.0 |53.3 |14.2 [31.8 | 23.40 8.80 
| | | 
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TABLE 2. 
period from June 20 to August 29, 1941. 
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2 feet, and 2 to 3 feet during the 




















JUNE JuLY 
Depth 

Station (ft.) 20 a | 4 11 18 
Mixed 0-1 | 16.3 aio 15.0 4.5 7.9 
prairie 1-2 | 11.8 8.8 12.8 2.5 6.6 
6400 ft. 23 147.7 6.8 9.5 4.3 6.1 
Forest 0-1 
sta. 4. 1-2 
6400 ft. 2-3 
Mixed 0-1 7.1 
prairie 1-2 3.9 
7000 ft. 2-3 | 4.0 
Chaparral | 0-1 cet 15.4 
sta. 10. Se err Rock 
7000 ft. 2-3 eee Rock 
Forest |} O-1 | 18.7 
7400 ft. | 1-2 eee a 15.9 | 

| 2-3 . | rn ; Rock 

Forest’ =| O-l | 22.1 | 9.5 | 8.0 | 13.2 | 12.5 
sta. 1. | 1-2 | 16.4 | 9.7 | 4.5 8.8 9.2 
7500 ft. | 2-3 19.9 | 9.7 | 6.2 6.4 13.8 

: - ie CHa 
Mixed g | 0-1 | 40.0 | 12.7 19.4 | 16.0 19.6 
prairie | 12 | 29.5 | 16.8 | 15.7 13.6 18.4 
7500, ft. 2-3 29.1 14.4 | 16.2 | 16.6 16.2 


At the forest-grassland border at 6,400 feet (sta. 
4) the grassland soil was similar to that at higher 
altitudes, but the forest soil, unlike that near the 
summit of the divide, was a deep sand. 

In a study north of the main body of the Black 
Forest, Williams and Holeh (1946) reported that 
the forest soils were finer textured than were the 
grassland soils. They reported, however, a higher 
hygroscopic coefficient in the coarse textured grass- 
land soils than in the finer forest soils. 

Som Moisture 

Climatic, edaphic and topographic differences in- 
fluence the moisture content of the soils at different 
altitudes and within different plant communities in 
a region. Livingston! showed the effect of increasing 
altitude on the moisture content of grassland soils in 
this region during a part of the summer of 1940. At 
lower altitudes on the divide there was no moisture 
available in the surface 16 inches of soil for a period 
of about one month. At upper altitudes such drought 
periods did not last more than one week. Williams 
and Holeh (1946) found soil moisture to be below 
the hygroscopic coefficient during most of July and 
August, 1938, in the upper 18 inches of soil in grass- 
land, forest, and chaparral communities. 

Weekly soil moisture determinations were made 
during the period from June 20 to August 29, 1941, 
at seven stations. The stations were established at 


? Livingston, R. B. 1941. The effect of altitude on the 
composition of grasslands on the plains of central Colorado. 
Unpublished thesis, Duke Univ. 


AUGUST 
Wilting 
25 l 8 15 22 29 percent 
3.2 7 .O 3.9 9.9 11.8 15.5 DoD 
4.8 6.1 4.3 6.8 6.6 16.4 4.45 
4.6 4.5 4.1 ie § 10.2 4.5 3.42 
Pe 4.0 7.4 8.6 3.72 
3.8 5.0 4.0 i es: 3.34 
2.9 2.8 4.7 2.8 2.69 
5.4 11.5 2.6 5.4 9.1 9.5 3.30 
4.7 3.9 2.6 3.0 6.4 9:3 3.70 
4.3 | 2.6 2.4 3.2 yf 9.2 3.59 
10.7 12.7 5.3 11.3 15.3 18.2 2.60 
4.1 7.9 ed 1.1 8.5 17.6 1.84 
Rock | Rock | Rock | Rock | Rock | Rock 
12.8 13.7 7.0 11.3 21.8 24.5 4.64 
14.0 | 13.2 10.2 11.1 10.6 29.4 1.15 
Rock | 17.3 15.2 17.1 Rock | Rock | 
10.1 13.1 Bl 7.9 11.9 10.0 1.81 
9.0 10.5 Y 5.4 2 8.7 2.17 
11.0 16.8 yj 6.7 2.7 10.3 2.09 
| 16.4 23.3 18.1 20.5 26.4 ‘a f 6.25 
| 14.9 19.8 17.9 17.4 5 20.9 9.57 
15.4 | 18.3 17.9 18.0 17.6 20.1 8.65 


the same sites where evaporation and temperature 
data were collected, with the addition of a station 
at 7,400 feet in a pine community. Duplicate sam- 
ples were taken with an auger at depths of 0-1 foot, 
1-2 feet, and 2-3 feet. It was impossible to take 
samples at the 2-3 foot depth at station 10 in chap- 
arral, or in the pine stand at 7,400 feet, as con- 
glomerate rock lay only about 2 feet under the 
surface. Soil moisture percentages, determined on 
a dry weight basis, are given in Table 2 together 
with the permanent wilting percentage for samples of 
soil taken from the same depth levels. 

These data probably are not representative of 
what might have been encountered during another 
year for precipitation, especially during the growing 
season, was abnormally high. The unusually heavy 
precipitation, the highest ever recorded for the region, 
is indieated in the following data taken from the 
U. S. Weather Bureau reports: 


Colorado Springs Monument 

6,098 ft. 7,200 ft. 
1941 precipitation .......................... 22.44 in 29.38 in. 
CS ae 14.47 in 19.92 in. 
Excess in 1941 ...... 7.97 in. 9.46 in. 
Accordingly moisture was rarely limiting for long 


periods of time. However, even during this ab- 
normally wet season the soil moisture percentage at 
all levels was oceasionally below the permanent wilt- 
ing percentage in most grassland communities. The 
only mixed prairie community in which moisture was 
never limiting at any level was that at 7,500 feet. 
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Fig. 4. A—Sharp transition from coarse gravel under forest to sandy loam under 


grassland. B— 


vegetation. 


Soil moisture was always available in forest and 
chaparral communities. 

In the coarse textured gravel soils of the forest the 
infiltration rate was more rapid and the run-off rate 
correspondingly less than in the fine textured grass- 
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il profile under grassland vegetation. 


C—Soil profile under forest 


land soils. The relative rates of infiltration and run- 
off were demonstrated during heavy rainstorms when 
run-off in grassland communities was generally high, 
but usually negligible in the forest. As a result @ 
higher percentage of the total precipitation falling 
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on a given area penetrated the forest soils than 
penetrated the grassland soils. Since the field capac- 
ity (approximated by moisture equivalent) of the 
forest soils is relatively low, little moisture was held 
in the upper part of the soil, but accumulated in 
high concentration immediately above the impermeable 
conglomerate rock, forming essentially a suspended 
water table. 

The lower permanent wilting percentage in forest 
soils adds further to the mesice conditions in the for- 
est. The permanent wilting percentage averages only 
about 2 percent in forest soils, but about 8 percent 
in adjoining grassland soils. 

Soil moisture conditions prevailing in the chaparral 
and adjoining grasslands are similar to those in the 
forest and their adjoining grasslands. Moisture was 
never limiting in the chaparral, but was limiting at 
times at all depths in the grassland soils. A sus- 
pended water table, like that in the forest, was not 
apparent in the chaparral. However, when a soil 
well was dug in this community it was found that the 
rock encountered at about 2 feet was only about 16 
inches deep and contained many fissures which were 
filled with roots. This rock was in turn underlain 
by a non-fissured conglomerate rock similar to that 
underlying the forest soils. If any excess water had 
been present it might very possibly have accumulated 
in the fissured rock layer. 


DISTRIBUTION OF PINE Roors In Soin 

The root system of any species is usually distinctive 
in form and in distribution within the soil. Modifica- 
tions of these features may be brought about by 
various factors such as soil moisture and 
structure. 

In the mountains of the Pikes Peak region the 
roots of ponderosa pine and Douglas fir are uniformly 
distributed through the soil with a preponderance of 
small roots in the surface few inches. The root dis- 
tribution pattern for these two species in the Black 
Forest region, however, is quite unlike that in the 
nearby mountains. In the Black Forest there are 
typically few roots in the surface soil. Mostly they 
lead abruptly downward to a depth varying from 
16 inches to over 3 feet where they meet the hard 
conglomerate subsoil layer. Unable to continue 
downward, the roots turn laterally to form a dense 
interwoven mat over the impermeable substrate. The 
thickness of this mat varies in different sites from 
about 1/16 inch to over 1/4 inch. At a few sites 
there were several superimposed thin matted layers 
of roots occupying a depth of several inches above 
the conglomerate. 


soil 


These mat layers were usually 
separated by an inch or more of coarse gravel, but 
occasionally the depth between the layers was no 
more than 1/8 inch. Although separated by gravel, 
the superimposed root mats always appeared to be 
found in thin layers of elay. 

The root mat lying above the conglomerate rock 
was especially evident in old weathered road euts as 
shown in Figure 5. This view illustrates the con- 
tinuous nature of the mats at a rather uniform depth 


An Eco.uoeicaL Stupy OF THE BLACK FOREST, COLORADO 


131 


in the soil. Figure 6-A is a close-up view of an 
exposed mat. Although this road cut had been ex- 
posed for many years the hard conglomerate rock 
beneath the mat had weathered little. The soil above 
the mat was easily sheared off with a spade. 





‘ 3 Cage fe ee 

Fig. 5. Typical continuous pine root mats above hard 
conglomerate substrate at depth of about 3% feet under 
the surface. 


Marked differences occurred in the upper and 
lower surfaces of the mats, both in structure and 
appearance. Some of these differences are apparent 
in Figures 6-B and 6-C which show the upper and 
lower surfaces of the same mat. Few large roots 
are present on the lower surface, whereas many 
large roots are visible on the upper surface. Soil 
particles were consistently intermixed with the roots 
near the upper surface, but no soil particles adhered 
to the lower surface of the mat when it was re- 
moved. This indicates the inability of the roots to 
penetrate the conglomerate rock, for, if they could, 
there would be soil present on or near the lower 
surface. Root hairs were abundant on all small 
roots on both surfaces of the mats. 

Similar root mats were observed under chaparral 
at several locations, but it was not a constant feature 
as under the pine forest. Where root mats were 
observed in chaparral areas, they had formed over 
hard conglomerate rock similar to that of the pine. 
The areas of chaparral not exhibiting the mat pat- 
tern were generally not underlain by hard con- 
glomerate, but had coarse textured soil to a depth 
of several feet. 

Probably several factors contribute to root mat 
formation, and of these, the almost constant presence 
of available moisture immediately above the con- 
glomerate rock is undoubtedly important. During 
dry periods, moisture is probably not available in 
the upper portion of the soil; thus the formation of 
a large mass of roots, other than immediately above 
the conglomerate rock, would be limited. 


METHODS OF VEGETATIONAL ANALYSIS 
A complete reconnaissance was made of the Black 
Forest and adjacent plains to locate the most de- 


sirable areas for study. Areas sought were: (1) 
forest and chaparral communities which had been 
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6); 
Fic. 6. A—Forest soil profile showing. root mat which has been exposed. B—Upper 


surface of exposed root mat shown in Fig. 6-A. C—Lower surface of same root mat 
showing abundance of fine roots. 


little disturbed; (2) areas formerly forested which 
had been cleared, cultivated, subsequently abandoned, 
and showed stages of secondary succession; and (3) 
ecotone areas of forest and grassland which indicated 


either an advance or recession of the forest. Areas 

selected were analyzed in the following manner. 
Forest communities: All detailed work in the forest 

community was done on a quadrat basis. The general 
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procedure was essentially that described by Billings 
(1938) and Oosting (1942). Three sizes of quadrats 
were used. They were: tree size (10 x 10 meters) ; 
shrub transgressive size (4 x 4 meters); and herb 
size (2 x 2 meters). Ten sets of quadrats were dis- 
tributed on a line with an interval of 20 meters be- 
tween quadrats. Lines were laid out in that portion 
of each stand which appeared to be representative of 
the entire stand, avoiding where possible any are: 
showing recent disturbance or marked irregularities. 
The size and number of quadrats used were found 
to be more than adequate when tested by the species- 
area curve (Cain 1934, 1938). 

In the 10 x 10 meter quadrat, counts were made 
of all tree species over 1 inch d.b.h.? or over 10 feet 
tall. The actual d.b.h. and estimated height of each 
tree were recorded and increment borings taken from 
representative trees of various sizes to determine 
their approximate age. All trees under 1 inch d.b.h. 
or under 10 feet tall, but more than 4 inches tall 
were counted on the 4 x 4 quadrat. Also in this 
quadrat an estimate was made of the total percentage 
of the ground covered by each species of shrub. In 
the 2 x 2 meter quadrat a count was made of all 
tree seedlings under 4 inches tall, an estimate made 
of the percentage of total area covered by the basal 
portion of all herbaceous species and of the percent- 
the herbaceous cover contributed by each 
major species. All species not important enough to 
be estimated individually were grouped together. 
Consequently total percentages of less than 100 per- 
cent may appear in the tables. 

The above method was modified for studies of two 
stages of secondary succession. The quadrat size used 
to sample both herbaceous and shrubby vegetation in 
those areas abandoned for 1 and 4 years respectively 
was reduced to 1 x 1 meter. Since all vegetation 
was measured in terms of percentage of ground cov- 


age of 


ered, the data are comparable. 

Chaparral community: The one chaparral com- 
munity studied was sampled in essentially the same 
manner as was the forest community, but as no trees 
were present the 10 x 10 meter quadrat was not 
used. Shrubs were sampled in the 4 x 4 meter quad- 
rat and herbaceous species in the 2 x 2 meter quadrat. 
Quadrats were established along a line with an in- 
terval of 25 meters between quadrats. In each quad- 
rat a visual estimate was made of the total coverage 
made up by all shrubs, and the percentage contri- 
bution of each species was then estimated. Coverage 
was considered that portion of the total ground cov- 
ered by the aerial portions of the plants. In addition 
to the percentage cover, measurements were made 
of the height and basal diameter of all shrubs. 
Herbaceous cover was estimated in the 2 x 2 meter 
quadrat in the same manner as in the forest. 

FOREST AND CHAPARRAL VEGETATION 
_ The forest and chaparral communities occurring 
in the Black Forest area are very similar to the 
communities of the montane and chaparral zones in 


2d.b.h. = diameter breast high. 
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the mountains of the Pikes Peak region. In most 

of the Black Forest ponderosa pine is dominant, but 

a few areas of ponderosa pine-Douglas fir forest are 

present, as are limited areas of chaparral. 
PonDEROSA PINE COMMUNITY 

A ponderosa pine consociation occupies the major 
portion of the Black Forest region. In addition to 
the main body of the forest, the community occurs 
on bluffs and rocky outcrops southward to areas east 
of Colorado Springs and northward beyond Castle 
Rock at altitudes as low as 6,000 feet. Disjunct 
communities occur eastward in the vicinity of Hugo 
and Limon, Colorado, at still lower altitudes. 

The forest has been described as a savannah-like 
growth of ponderosa pine together with several spe- 
cies of (Whitfield 1933). Although this is 
the situation throughout much of the forest, it is not 
typical of the natural condition, but has been brought 
about by thinning and grazing operations (Fig. 7). 
In areas with little disturbance the forest forms a 
closed stand and is not savannah-like (Fig. 8). 

Studies of this community were made in the main 
body of the forest and in a well developed stand 
Colorado Springs on the 


erasses 


about 7 miles east of 





Savannah-like stand in north central part of 


Fig. 7. 
Black Forest, caused by thinning and grazing. 





Fic. 8. Fully stocked stand of ponderosa pine at Sta- 
tion 1. This stand is relatively undisturbed. 
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Banning-Lewis ranch. Stands in the forest proper 
were located at stations 1, 2, and 3 (Fig. 1) at alti- 
tudes varying from 7,300 to 7,500 feet. Station 4, 
at 6,500 feet was located about 10 miles south of 
the main body of the forest. 


COMPOSITION 


The dominant of the community was Pinus ponder- 
osa var. scopulorum® which occurred in pure stands 
over almost all the Black Forest area. In the sample 
plots it was the only tree species recorded; however, 
a few specimens of Populus tremuloides were observed 
in moist sites. Species other than pine which were 
recorded at all stations were Arctostaphylos uva-ursi, 
Carex heliophila, Muhlenbergia montana, and Senecio 
Fendleri. 

The importance of the associated species varied, 
particularly between stands in the Black Forest at 
altitudes above 7,000 feet and the stand on the 
Banning-Lewis ranch at 6,500 feet. Associated spe- 
cies, in the order of their relative importance, re- 
corded at stations in the forest proper were Carex 
heliophila, Muhlenbergia montana, Festuca ovina, 
Agropyron subsecundum, Carex pityophila, Koeleria 
cristata, Antennaria aprica, Achillea millefolium, 
Rosa arkansana and Allium cernuum. Associated 
species recorded in the Banning-Lewis stand were 
predominantly shrubs, the most important of which 
was Cercocarpus parvifolius. Other species in the 
order of their importance were Yucca glauca, Muhlen- 
bergia montana, Carex heliophila, Opuntia polyacan- 
tha, and Rhus trilobata. 

The dominant ponderosa pine recorded in the 
10 x 10 meter quadrats had an average density of 
11.0 per 25 milacres, or 440 stems per acre. The 
density and frequency percentages for pine are re- 
corded in Table 3 as are percentages of total ground 
cover and frequency for all other species. 

At stations 1, 2, and 3 the average total ground 
cover contributed by all species other than pine was 
7.5 percent, of which the shrubs Arctostaphylos uva- 
ursi and Rosa arkansana made up only 1.4 percent 
and herbaceous species made up the remainder or 6.1 
percent. In the Banning-Lewis stand species other 
than pine made up a ground cover of 3.4 percent, 
but the shrubs 2nd herbaceous species were equally 
important in making up this total. 

The forest occurs in uneven-aged stands in which 
all size classes of pine are represented. The density 
and frequency of pine were essentially similar at all 
stations (Table 4) but there was a marked decrease 
in size class 5 (the larger trees) at station 4 on the 
Banning-Lewis ranch. Station 1 showed an unusually 
high density and frequency in size class 1, the seed- 
lings. This was caused by a large number of seed- 
lings which had germinated during the moist summer 


3 Nomenclature for Rocky Mountain ponderosa pine and blue 
Douglas fir taken from Check List of the Native and Naturalized 
Trees of the United States, Including Alaska, 325 pages, U. S. 
Forest Service (1944). Hitchcock’s Manual of the Grasses of 
the United States (1935) was used in the identification of all 
grasses. Smith and Durell’s Sedges and Rushes of Colorado 
(1944) was used in the identification of these groups, and 
Coulter and Nelson’s New Manual of Botany of the Central 
Rocky Moxvntains (1909) was used in the identification of all 
other plants. 
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of 1941, just prior to the time the area was studied. 
As will be pointed out later only a few of these 
seedlings survived. Station 4 was studied during the 
same season, but few seedlings were observed. Sta- 
tions 2 and 3 were studied during the summer of 
1946 and few seedlings observed. 

Site factors, of which moisture appears to be the 
most important, had produced a marked difference 
in age and size of mature trees in the forest proper 
and at the Banning-Lewis ranch stand. Trees in the 
Black Forest stands had an average maximum diam- 
eter at breast height of about 18 inches. Those in 
the Banning-Lewis ranch stand were rarely over 50 
feet in height, and had an average maximum diameter 
at breast height of only 12 to 15 inches. The average 
maximum age of trees recorded at stations in the 
forest proper was from 135 to 150 years, but only 
100 to 125 at the Banning-Lewis stand. 

Stumps of fallen trees were common in the Black 
Forest and many had a diameter of about 4 feet at 
the base and an age of well over 200 years. No 
sunilar stumps occurred in the Banning-Lewis stand 
and there was no evidence that trees larger than 
those now standing were ever present. 


REPRODUCTION 


Pine seedlings were abundant in all areas of the 
Black Forest and in the bordering grassland com- 
munities during the summer of 1941 and afforded an 
excellent opportunity for the study of natural re- 
production. An abundance of seedlings resulted 
when a heavy seed crop was followed by a season 
with extremely favorable moisture conditions. Seed- 
ling counts were made and seedlings marked in 
permanent quadrats at four stations. The stations 
were located in the following communities: Area A, 
in a fully stocked mature pine stand (Station 1); 
Area B, in grassland along the northern border of 
the forest at Station 1; Area C, in a forest stand 
which had been thinned; and Area D, in an adjacent 
area which had been cleared about 5 years previously 
in a mistletoe eradication program. All areas were 
at an altitude of approximately 7,500 feet. Twenty 
quadrats, 1 by 4 meters in size, were established at 
each site and all seedlings recorded and marked with 
a small stake. 

Percentage of germination was about the same at 
all sites. However, many seeds had germinated in 
the litter layer at areas A and C, and a high per- 
centage of these had been killed by desiceation. All 
seeds observed in the grassland community and in 
the cleared area had germinated and the seedlings 
were apparently doing well at the end of the grow- 
ing season of 1941. 

During the summer of 1941 frequent examinations 
were made of seedlings in the four areas. Size re- 
lationships of seedlings typical of the four areas can 
be seen in Figure 9. These seedlings, collected in late 
August, were carefully excavated and the soil re- 
moved by washing. 

Development of seedlings A, C, and D was essen- 
tially the same. Seedling B, taken from the grass- 
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TABLE 3. 


showing frequency percentage (f) 
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Floristie composition of forest stations, 
density of tree spe- 


cies (d), coverage percentage of shrubs, and percentage 
of ground cover of herbaceous species. 












































STATION 
TREES Ce ee ee es, 
| 
i 4 > | 8 4 9 
Pinus ponderosa d | 9.6 | 8.5 15.4 3.6 | 11.4 
var scopulorum f | 100 100 | 100 100 | 100 
8.¢. | 5 | 5 | 5 4 5 
Pseudotsuga d | | | | ef 
tazifolia f | | | 100 
var glauca 8.c. | } 5 
Populus tremuloides d | | 0.1 
f | | | 10 
S.C. | | 1 
| | | 
Cover- Cover- | Cover- Cover- | Cover- 
SCHRUBS age f | age f | age f | age f | age f 
percent percent percent percent percent 
Arctostaphylos uva-ursa....{1.40 100)0.45  40/2.55 50| 10|5.05 100 
Rosa arkansana. . . 10.05 70)0.10 400.10 10 0.15 20 
Rhus trilobata.. . 0.30 10 
Cercocarpus parvifolius 0.80 30 
Yucca glauea....... 0.30 30 
Opuntia polyacantha . 0.20 30 
Ribes cereum.... ; 10.10 10)... * 
Prunus melanocarpa. . . . 0.50 20 
| | | | 
wong | |Percent | Percent |Percent | Percent 
HERBS | basal f | basal f | | basal f | basal f | basal f 
| cover : cover |cover | cover | cover 
| ee ee ee See Pe 
Carex heliophila......... i3 -45 100/4.90 90/2.80  80/0.25 30/0 46 100 
Muhlenbergia montana . --/0.30 20/0.25  60/0.40 50/0.27  40/0.43 20 
Festuca ovina....... 0. 30 20/0.40 40)0.65 50| iin -cpeee oO 
Agropyron sinneiee, . 10.10 10/0.15 30/0.05 10)... 
Carex pityophila..........}1.00 70] 1.25 40) = ee 
Koeleria cristata......... [0.05 100.05 20/0.10 60 10.05 60 
Danthonia spicata......../0.10 20)1.55 30 ; . 
Bouteloua gracilis. ....... Je-s. 10.20 10/0.25 50) 
Sitanion hystriz. .. Jo.05 40 20 | 10} 
Agrostis hiemalis 10! 10/0.65 60) : 
Calamogrostis pur purascens|\0. 40 30|.... 30} 0.03 40 
Blepharoneuron tricholepis 0.25 30 10} 0.15 30 
Calamovil fa longifolia . 0.24 50 
Carex oreocharis. . 0.20 20 
Bouteloua hirsuta...... . 0.10 10 
Aristida longiseta........ , 0.05 10 
Stipa spartea......... 20 | | 
Bromus anomalus... . . 10 ‘ 
Stipa columbiana 10 20 
Stipa comata.... . : 20 re 
Festuca idahoensis. . . 10 10 
Andropogon scoparius 20 10 
Poa fendleriana . | 10 
Oryzopsis micrantha . 20 
Andropogon hallii . 10) 
Sporobolus heterolepis. . . ; 20). , 
Antennaria aprica 0.10 10/0.05 40)0.15 40 20 
Achillea millefolium. . . 0.10 10/0.05 500.05 60 
Allium cernuum..... lo. 10 50 50 10 20 
Geranium Parryi... 30) 40 40) 50 
Pentstemon humilis . . 10 10 10 30 
Senecio Fendleri......... 10 20/0.15 50 0.15 40 
Artemisia dracunculoides. . | 0.15 20 10| 10 o 
Solidago missouriensis.... | 0.05 3010.10 20 10/0.22 30 
Chenopodium album. 10 10 10 
Eriogonum alatum. . er eee | 10 
Mertensia lanceolata . 10.05 50).. 20} 


corded i 
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TABLE 3. (Continued) 





Percent 





Percent 
basal f 
cover 


Percent 
basal f | 
cover eo 


Percent | Percent 
| 


basal f | basal f | basal f 





HERBS 





cover cover | cover 
| 9 
Smilacina stellata. . lo. 10 30 
Aragallus deflerus (0.05 30) 
Tararacum officinale......|.... | 
Senecio mutabilis | 10) 
Chrysopsis villosa........ 10| 
Heuchera parviflora | 
Arenaria Fendleri. . . 
Potentilla effusa 
Helianthemum major 
Campanula rotundifolia 
Scutellaria Brittonii...... .| 
Apocynum androsaemi- | 
| 
| 


-.|0.05 10 


a 

..10.10 30] 
| |... 20/0.10 
a . 
20 


folium 
Pulsatilla Aiventinios a’ 
Drymocallis arguta..... 
Anaphalis subalpina 
Gayophytum ramosissimum 
Vicia americana 
Lupinus argenteus. . 
Fragaria ovalis 
Aster Porteri 





-/0.05 : 
10 


2 ee 2- 08 


Artemisia frigida....... 
Trifolium repens..... | 
Galium boreale. . | ne 
Erigeron flagellaris....... | 10 panes 
Drymocallis fissa....... . 10 0.10 
Artemisia campestris 
caudata. . 

| 

| 

| 


’ 30 
Pentstemon wallatinlie. 


20 
Petalostemon candidus 10 


Pterospora Andromedea. . 





10 
10 
10).... 
10}.. 

10 
10 
10 


Helianthus petiolaris.. . 
Salsola pestifer.. . 
Artemisia gnaphalodes..... 
Mentzelia nuda... . 
Lactuca scariola..........| 
Machaeranthera sp... . 
Sedum stenopetalum . 





, | ee ign 40 
Arenaria congesta..... | eee Soe 
Pentstemon glaber : | é 


| 
| 
Arabis Drummondii. . . | 
| 
| 
| 


10.07 40 
40 
30 
10 
10 
30 


0.02 


Erigeron trifidus. : ee Te 
| - - ae ee . .|0.02 


Paronychia Jamesii 
Androsace septentrionales 





Trozimon glaucum 





land showed marked retardation in root 
development, 4 em. being the maximum length of 
any root observed in this area in late August. Seed- 
ling B has no mycorrhiza formation. Seedlings taken 


area, 


from the other three stations attained an average 
maximum root length of 12 em. and showed well 


developed mycorrhiza. 

Further observations on the problem were delayed 
because of military service and the plots were not 
rechecked until the summer of 1946. The results of 
seedling counts and counts of survival are sum- 
marized in Table 5. 

The greatest original population of seedlings was 
found in Area B, grassland, where a total of 486 was 
The second largest number (300) was re- 
1 the cleared area, and the smallest — 


: A—82; C— 


recorded. 





were found in the forested areas 
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TABLE 4. Density (d) and frequency percentage (f) 
of ponderosa pine and Douglas fir at all stations. 





Size Ciasses* 


Station 1 2/3 | 4 | 5 | Total 

1. (pine) d | 17.9) 0.1 | 0.2 | 3.9 | 5.4 | 27.5 
f 100 10 | 20) 100; 100; 100 

2. (pine)... d | 0.1 | 0.3 | 0.6 | 2.0 | 5.6 8.6 
f 10 | 20 50 90 | 100 100 

3. (pine). . d | 1.2 | 0.4 | 2.9 | 5.5 | 5.4 | 15.4 
f 60 40 70 | 100 | 100 | 100 

4. (pine)... d | 0.1/0.1 | 2.1 | 8.5 | 1.8 | 12.6 
f 10 10 | 60 100 70 100 

9. (pine)... d | 0.7 | 2.7 | 2.6 | 3.9 | 1.5 | 11.4 
f 50 40 70 90 90 100 

9. (fir).. - d | 0.4/0.1 | 0.4 | 0.9 | 0.9 2.4 


f | 30! 10} 40| 70| 60| 100 


Class 1, 0.9 to 3.9 inches hizh; class 2, 4.0 inches high to 0.9 inches d.b.h.; 
lass 3, 1.0 inch d.b.h. to 3.5 inches d.b.h.; class 4, 3.6 inches to 9.5 inches d.b.h.; 
lass 5, 9.6 inches d.b.h. or over 














ev 
f 
rer 
~~ 
‘me 


B C 758 


Fic. 9. Seedlings taken near end of first growing 
season. A—from fully stocked forest stand, B—from 
adjacent grassland, C—from thinned forest stand, and 
D—from adjacent cleared area. 


TABLE 5. Initial and survival counts of pine seedlings 
at four localities in the Black Forest Region. 





Thianed Cleared 
Year Forest Grassland forest area 
ae 82 486 96 300 
1946 0 0 4 17 
Percentage 
survival. 0 0 4.1 5.6 


When these areas were rechecked early in the sum- 
mer of 1946 it was found that no seedlings had 
survived either at Area A, the fully stocked stand, 
or Area B, the adjacent grassland. The other areas 
had about the same percentage of survival: 4.1 per- 
cent in the thinned forest, and 5.6 percent in the 
cleared area. Since the original number of seedlings 
was greater in the cleared area than in the thinned 
forest there was a correspondingly greater number 
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of seedlings present in the cleared area than in the 
thinned forest. 

No seedlings survived in the grassland community 
and no young trees were observed elsewhere in the 
locality. This was not true of the fully stocked 
adjacent forest. Although all seedlings in the forest 
quadrats had failed, a few were observed scattered 
elsewhere in the stand. These apparently were 
thriving. 

The cause for failure to survive was probably not 
the same in these two areas. Pine was apparently 
unable to compete for moisture in the fine textured 
soils where the grassland community was well estab- 
lished. Failure of pine seedlings in the fully stocked 
forest was in all probability correlated with the re- 
duced light intensity, under which the seedlings were 
unable to produce enough photosynthate to grow an 
extensive root system. As a result, during drought 
periods the plants were killed by desiccation. 

SECONDARY SUCCESSION 

Clearing and cultivation of land in the Black For- 
est has been very limited, primarily because of the 
unsuitability of the land for agricultural use. John- 
son (1945), working in an area characterized by 
sinilar soils near Woodland Park, Colorado, attrib- 
uted their agricultural unsuitability to a rapid loss of 
fertility from the soils. 

Because of the limited extent of cultivation in the 
Black Forest there were few areas large enough to 
make possible a thorough study of the trends in sec- 
few abandoned fields were 


ondary succession. <A 
gave an indication of see- 


located, however, which 
ondary successional trends. 

Few previous studies of secondary succession in 
the ponderosa pine forest of the montane zone have 
been made. Johnson (1945) made an intensive study 
near Woodland Park, Colorado, and Hanson (1924) 
studied secondary succession in the ponderosa pine 
forests of northeastern Arizona. Johnson described 
an initial annual weed stage dominated by one or 
more of the following species: Chenopodium album, 
Solanum nigrum, Amaranthus retroflexus, Verbesina 
encellioides, and Setaria This was of short 
duration and was replaced within 3 to 5 years by 
perennial forbs. Pentstemon unilateralis and Linaria 
vulgaris were the most conspicuous of the dominants 
in this community. This was also of short 
duration and was replaced in 7 to 10 years after 
abandonment by a mixed grass-weed stage. The 
dominants were Stipa robusta and Agropyron pauci- 
florum. Agropyron pauciflorum was gradually re- 
placed by Bouteloua gracilis in the latter phase of 
this stage. This community persisted from 10 to 25 
years and was replaced by a subclimax bunchgrass 
stage which could maintain itself indefinitely, but, 
under controlled grazing, the climax ponderosa pine- 
Douglas fir forest developed. 

Study of a limited number of areas in the Black 
Forest region indicated a successional pattern sim- 
ilar to that reported by Johnson. Statistical data 
were obtained for one example each of areas aban- 


viridis. 


stage 
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TABLE 6. Frequeney percentage (f), density of pine 
(d), coverage percentage of shrubs, and percent of basal 
cover of herbaceous species occurring in fields abandoned 
for periods of one, four, nine, and twenty-two years. 








STATION 
TREES | | 
| 5 | 6 7 8 
One e Conelne Sarita MeNvaen oeneean 
d 18.7 24.4 
Pinus ponderosa | | 
var scopulorum f | 100 100 
| | 
—— | ] 
| Cover- Cover- | Cover- Cover- 
age age | age } age 
SCHRUBS | per- f per- f per- ra per- f 
| cent cent cent | cent 
Rosa arkansana | 10 | 0.60 | 10 | 0.30 | 80 40 
Arctostaphylos uva-ursi | 10 
Per- | Per- Per- Per- 
} cent | | cent cent | cent 
HERBS | basal | f basal | f | basal| f | basal | f 
cover | | cover | cover cover 
Veronica perigrina 0.10 | 30 
Solanum triflorum 30 | 
Salvia lanceolata . 20 
Setaria viridis 10 
Hedeoma hispida 10 
Chenopodium album 0.63 | 70 
Carduus plattensis 10 
Linaria canadensis . 10 
Dysodia aurea wi. | 
Malvastrum coccinium 10 | | 
Ximenesia encelioides 0.40 | 90 | 40 
Panicum capillare 0.10 | 70 2 40 
Leptilon canadensis 1.26 | 70 | 0.25 | 30 
Helianthus annuus 0.86 | 70 30 | | 
Verbena bracteosa 40 | 0.05 | 20 
Polygonum convolvulaceum....| ... 40 60 
Polygonum aviculare. . ; 30 40 
Chenopodium leptophyllum 0.36 | 30 10 
Silene antirrhina ; 10]. 10 | 
Festuca octoflora 0.05 | 10 | 0.45 | 70 
Tarazacum officinale ; ; 10 | 20 | 
Anogra strigosa Z 0.45 | 40 | 0.25 | 70 20 a 
Drymocallis fissa . . 0.06 | 20 | 10 10 | 20 
Agrostis hiemalis . . i ; 10 | 90 | 1.30 | 20 
Artemisia campevtris var. | | | 
caudata ‘i sore 10 | 0.15 | 80 | 0.35 |100 | 90 
Agropyron pauciflorum. . . 0.80 | 30 re 
Erigeron flagellaris 10 | 0.05 | 40 
Bromus tectorum. . . 30 ee 
Bahia dissecta : | | 30 | s 
Euphorbia glyptosperma......; . | 10 ee 
Meliotus officinalis...........| .... | .. ce: Cae | as 
Pentstemon humilis... . ; ee i, 20 | | 70 
Aragallus multiceps . . ; 40 10 | 20 
Achillea millefolium af : | 30 | fied | 20 
Senecio Fendleri , Sate 0.10 | 20 | 10 | its 
Gilia aggregata 2 | | 10 | 20 | fs 
Plantago Purshii , ; | 80 | 0.05 | 40] . | 40 
Poa compressa. . me Pere mec oe | 10 | 1.50 | 30 
Verbascum thapsus. . . ee, | 0.55 | 70 | . ee ‘es 
Gilia pinnatifida ; 0.60 70 : | 30 
Chrysopsis villosa oa | | 0.10 | 70 | 5.65 |100 | 0.75 |100 
Tragopogon parvifolius...... re Oe | | 40 | | 10 
Aragallus Lambertii ee | | 30 | | ifr 30 
Artemisia dracunculoides | 20 | | 0.10 | 60 
Chenopodium glaucum. . | | | 20 


Aster multiflorus. . . | | . 20 | 0.10 | ot ere | _ 
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TABLE 6. (Continued) 
Per- Per- Per- Per- 
cent cent | cent | cent | 
HERBS basal | f | basal} f | basal| f | basal | f 
cover cover cover | | cover 
Koeleria cristata 20 | 0.30 | 70 | 0.20 | 70 
Artemisia frigida ; 10 10 | 30 
Muhlenbergia montana. . 10 | 6.20 | 40 | 2.05 | 70 
Poa pratensis : 0.05 | 10 | | 
Sporobolus cryptandrus , 30 
Lepidium apetalum : | 10 - 
Bouteloua gracilis : 0.20 | 70 | 3.30 90 
Eriogonum alatum | 50 | 10 
Aster Porteri | 20 40 
Solidago rigidus 0.05 | 20 a 
Carex heliophila & 20 | 0.40 | 50 
Pentstemon unilateralis : 20 | 10 
Andropogon scoparius 0.05 | 10 | 0.10 | 10 
Agropyron smithii 10 10 
Solidago missouriensis ' 0.20 | 10 | 0.30 | 69 
Blepharoneuron tricholepis wT 20 
Carez filifolia ; ; ; 10 | 0.39 | 20 
Sedum stenopetalum 0.05 | 30 
Potentilla effusa 0.10 | 20 
Artemisia gnaphalodes - or asian ‘ 10 
Pulsatilla hirsutissima. . . ne re ; 10 
Antennaria aprica P 10 
Grindelia squarrosa 10 
Fragaria ovalis 10 
10 


Muhlenbergia wrightii 


doned for 1, 4, 8, and 22 years. Additional examples 
of each of these, too limited in extent for statistical 
treatment, were observed for floristic composition. 
These additional observations indicated that the areas 
in which quadrat studies were made were typical. 
Annual Weed Stage, Abandoned 1 Year 

Succession was initiated the first year after aban- 
donment of cultivation by an annual weed stage (sta- 
tion 5). The community was not homogeneous in 
composition, but made up of several species, each 
of which was usually individually dominant over 
small areas. These dominants were Leptilon canaden- 
sis, Helianthus annuus, Chenopodium album, Anogra 
strigosa, Ximenesia  encelioides, or Chenopodium 
leptophuilum. 

The most important associated species included 
Panicum capillare, Veronica peregrina, and Festuca 
octoflora. The only perennial forb of importance in 
the community was Drymocallis fissa which survived 
cultivation, especially in low moist areas. This spe- 
cies occurred in all stages of succession from the 
initial to the climax. All species recorded in the 
successional study are included in Table 6, together 
with their frequency percentage and percentage of 
total cover. 

Grasses and perennial forbs were never abundant 
in the annual weed stage. They made up only about 
5 percent of the total cover, the remainder being 
made up by annual forbs. The only grasses making 
up a measurable amount of the cover were Panicum 
capillare, which occurred in 90 percent of the plots, 
but made up only 2.2 percent of the cover, and Fes- 
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tuca octoflora, which occurred in 70 percent of the 
plots, but made up only 1.1 percent of the total cover. 
The only other grasses recorded were Setaria viridis 
and Agrostis hiemalis, neither being important in 
the community. Setaria viridis appeared to be domi- 
nant with several other annual weeds on another area, 
but the field was plowed before it could be studied 
statistically. 

The relatively sparse basal cover of only 4.5 per- 
cent in this early stage is well shown in Figure 10. 






























Fig. 10. Field abandoned 1 year showing abundance 
of annual weeds. 






Of this total, 88.3 pereent was made up by the domi- 
nants and the remainder, or 11.7 percent by the 
other 20 species. 

The annual weed stage was of short duration, and 
was replaced by a perennial grass-weed stage by the 
third year following abandonment. 




















Perennial Grass-Weed Stage, Abandoned 
4 Years 

The dominants of the perennial grass-weed stage 
were Agrostis hiemalis and Poa compressa, each of 
which made up 20.9 percent of the total cover (sta- 
tion 6). The subordinate species, several of which 
were of about equal importance in the community, 
were Gilia pinnatifida, Rosa arkansana, Verbascum 
thapsus, and Festuca octoflora. Rosa arkansana at- 
tained its greatest importance in this community, and 





— i 
Field abandoned 4 years; perennial weed- 


Fig. 11. 
grass stage. 
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although not a dominant, formed a conspicuous part 
of the flora. 

The dominants of the annual weed stage which 
persisted and were of importance were Leptilon 
canadensis and Anogra strigosa. All others of the 
previous dominants except Helianthus annuus were 
still present, but unimportant. The abundance of 
Leptilon canadensis and Anogra strigosa, together 
with Verbascum thapsus, is clearly visible in Figure 
11. Chrysopsis villosa, recorded in this stage for the 
first time in the sere, was one of the most abundant 
plants in later stages, but made up only 1.6 percent 
of the total cover in this stage. 

The total vegetative cover in this community was 
6.2 percent, or slightly higher than that of the an- 
nual weed stage. 


Perennial Weed-Ponderosa Pine Stage, Abandoned 
9 Years 
After the land had been out of cultivation for a 
period of 6 to 8 years the perennial grass-weed stage 
was replaced by a perennial weed-pine stage. Sta- 
tion 7 had last been cultivated 9 years previously. 
Although pine was abundant in the area studied, it 
may or may not be present in this stage, depending 
on the presence of seed during a period when growth 
conditions are favorable. No positive evidence was 
obtained to indicate that pine becomes established 
during the first 3 years following abandonment of 
cultivated lands, but inasmuch as many 5-year-old 
pines were present in this field which had been 
abandoned for 9 years, it follows that pine may come 
in during the fourth year. Had the summers of 
1939 and 1940 been as favorable for seed germina- 
tion as the summer of 1941, it is possible that older 
trees might have been present. 

The abundance of pine in this stage is shown in 
Two age classes of pine were noted. All 
2 or 5 years old, the 2-year seedlings 
the more abundant. An average of 18 
seedlings was recorded on the 4 x 4 
but 5-year-old trees averaged only 0.7 


Figure 12. 

were either 
being much 
two-year-old 
meter plots, 
on the same plots. 





Field abandoned about 9 years, young pine 


Fig. 12. 
abundant. 
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Codominant in the community with ponderosa pine 
was Chrysopsis villosa, which made up 68.8 percent 
of the total ground cover exclusive of pine. It was 
uniformly present over the entire field. The important 
associated species were all perennials, several of which 
were of about equal importance. These included 
Artemisia campestris caudata, Rosa arkansana, Koe- 
leria, cristata, Muhlenbergia montana, Bouteloua gra- 
Of these, the three 
grasses and the goldenrod were of importance for 
the first time in the sere. All annuals which had 
occurred in the initial stage had disappeared with the 


cilis, and Solidago missouriensis. 


exception of Anogra strigosa. 

The total vegetative cover in this stage was greater 
than in either of the preceding stages, making up 8.2 
percent exclusive of pine. Pine did of course in- 
crease the total cover appreciably. 

This like the earlier short 
duration, persisting for a period of only a few years. 
Observations indicated that it 
ponderosa pine-grass stage within 12 to 15 
after abandonment of the field. 


stage, stages, was of 


was replaced by a 
years 


Ponderosa Pine-Grass Stage, Abandoned 22 Years 

Data for this stage were obtained in a field which 
had been out of cultivation for approximately 22 
years (station 8), although the exact date of aban- 
donment could not be established. The most con- 
spicuous plant and major dominant in the community 
was Pinus ponderosa var. scopulorum (Fig. 13). Pine 
occurring in the 25 milacre plots had a frequency of 
100 percent and a density of 23.1. Five ages of pine 
were recorded in the community: 2, 5, 10, 13, and 19 
years. The 13-year-old trees were the most abundant. 





Fig. 13. 


years. 


Pine well established in field abandoned 22 


They were present in all plots and had an average 
density of 9.2 per 25 milacres. Ten-vear-old trees 
were the next most important, with a frequency of 
90 percent and an average density of 5.9. The 19- 
year-old class was about equal to the 5-vear-old class, 
with frequencies cf 70 percent and 80 percent and 
densities of 3.1 and 3.0, respectively. Two-year-old 
trees were recorded in only four plots and had a 
density of only 1.9. Height growth of trees was 
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roughly proportional to age, varying from less than 
G inches to over 17 feet. 

Grasses were the most important associated spe- 
Those making up the highest percentage of 
the total cover were Bouteloua gracilis, with 32.8 per- 
cent of the total, Muhlenbergia montana with 21.5 
percent and Koeleria cristata with 14.8 percent. Other 
important plants in the community were Chrysopsis 
villosa, Sedum stenopetalum, Carex heliophila, Soli- 


cies. 


dago missouriensis, and Blepharoneuron tricholepis. 
All of these, with the exception of Chrysopsis villosa 
are constituents of the climax forest. Arctostaphylos 
urva-ursi made its appearance in this stage, but was 
of little importance. 

The total cover of all vegetation exclusive of pine 
was 10.1 percent, the highest recorded in the study. 
This high cover was caused largely by the abundance 
of Bouteloua gracilis, 

The composition of the community was very sim- 
ilar to the climax forest. The most marked variation 
the the abundance of Bouteloua 
gracilis, and the presence of such species as Chrysop- 


from climax was 
sis villosa, Carex filifolia, and Grindelia squarrosa. 
Unlike the areas studied by Johnson near Wood- 
land Park, this region was not characterized by the 
occurrence of a “ Pine 
was observed coming into areas which had been rather 


subclimax” mixed grass stage. 


heavily grazed, and no stable grassland communities 
were observed on coarse gravel soils, the typical con- 
dition throughout the entire range of the forest. 


MIGRATION OF FOREST INTO ADJACENT GRASSLAND 

Shantz (1906) suggested that the pine formation 
was invading the grassland formation, having pushed 
eastward far into Nebraska, carrving with it many 
of the principal species of the montane forest. He 
showed that ponderosa pine was migrating from the 
Black Forest into the grassland communities near 
Eastonville, which is situated near the southeast bor- 
der of the main body of the forest. Whitfield (1933) 
gave no direct evidence, but also suggested that the 
forest was moving into the adjacent grassland com- 
munities. 

During the course of this study little evidence was 
found to show that the forest was not essentially 
static at its borders. Migration of the dominant pine 
from the forest into the adjacent grasslands was 
observed at only a few points. For the most part 
the ecotone between forest and grassland is very 
abrupt, and appears to be correlated with a similar 
abrupt transition from coarse gravel to sandy loam 
soil (Figure 7-A). 

Studies were made of two areas where migration 
of the forest into grassland was evident. One such 
area was located about 3 miles west of Eastonville, 
the other about 14 mile northeast of station 1 (Fig. 
1). The position of pines at different points out- 
ward from the original border, together with their 
average age, height, and d.b.h., are included in 
Table 7. 

The apparent migration might possibly have re- 
sulted from normal successional recovery after culti- 
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TABLE 7. Relative position and average age and size 
of migrant trees outward from former forest border. 





EASTONVILLE AREA 


Position outward from 
former border 





| 
| Former | | 
border | 20 m. | 40 m. | 55 m. 


19 | 13 | 5 














Maximum age | 125-200) 50 | 35 | 
d.b.h. (in.)....| 16-40 | 9-12| 68 | 45 | 12] .. 
Height (ft.)... 60 | 30 25 16 10 1 
| 
NEAR STATION 1 
Position outward from 
former border 
Former | 
border | 10 m. | 35 m. | 60 m. | 80 m. |100 m. 
Maximum age | 125-150| 50 | 35 | 25 | 19 | 13 
d.b.h. (in.)....| 18-26 | 12-15] 9-11] 8 6 | 12 
Height (ft.).. | 70 =6| 35 25 20 15 10 














vation of lands previously forested, but such did not 
appear to be true in these areas. There was no 
evidence of removal of trees by cutting or burning 
in either of these areas where pine was invading the 
grassland, nor was there any evidence of secondary 
succession. 

It appears that migration had been going on for a 
long period of time in the Eastonville area. One 
large tree (40 inches d.b.h.) situated approximately 
100 yards in from the present limits of tree growth 
on this area, apparently had developed in the open. 
Its growth form was characteristic of pines developed 
in the open, being short and stocky, with many of 
the lower branches persisting. This tree, shown in 
Figure 14, had obviously been a migrant about 200 
years ago, thus indicating a long period during which 
migration had been occurring. Younger trees near 
this specimen all had a form characteristic of pines 
developed in a closed stand, having long, relatively 
thin trunks, with few lower branches persisting. No 
similar old trees with this form were observed in 
the area near station 1, indicating that migration had 
been initiated here rather recently. 

Soil profiles along the migration transects were 
observed in an attempt to determine the causal fac- 
tors which permit migration at the two locations. 
Diagrammatic sketches of soil conditions at both 
locations are included in Figure 15. Although the 
two profiles appear quite different they have one 
marked similarity. At both sites the presence of 
pine is correlated with the presence of coarse gravel 
soil at the surface. Migration of the pine here has 
occurred only in those areas where coarse gravel lies 
at or near the surface. 

Transformation of an area in the grassland to 
make it suitable for the growth of pine could con- 
ceivably have been brought about in one of two ways. 
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Fie. 14. Large pine which evidently developed in the 
open, now about 100 yards in from the forest border. 


First, as indicated at the Eastonville site, coarse 
gravel could have been washed outward from the 
forested area onto the lower grassland area, covering 
the fine textured soil which is characteristically asso- 
ciated with the grassland vegetation. Secondly, as 
possibly illustrated in the area near station 1, fine 
textured soil may have been removed from the sur- 
face by erosion, exposing the underlying gravel. 


Ponperosa Pine-DovGuas Fir ComMuNItTY 

A very limited part of the Black Forest is char- 
acterized by a ponderosa pine-Douglas fir community. 
The most extensive stand of this type occurs about 7 
miles southeast of Monument at station 9 (Fig. 1), 
where it covers an area of approximately one square 
mile. The area is characterized topographically by a 
series of relatively steep-sided valleys which lie in a 
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Fig. 15. Diagrammatic sketch of soil profile in two 
areas where pine is invading grassland. A—site near 
Eastonville. B—site near Station 1. 
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general east-west direction. The community occurs 
elsewhere in the forest, particularly on north-facing 
slopes of those valleys which lie in a general east- 
west direction. The community also occurs outside 
of the main body of the forest on the north-facing 
slopes of ridges, bluffs, and buttes. 

The study of this community was made at station 
9, at an altitude of approximately 7,300 feet. This 
stand had undergone considerable disturbance in re- 
cent years as a result of logging operations, conse- 
quently it was not fully stocked, and the mature 
trees were largely those undesirable for lumber. 

The dominants of the community 
ponderosa var. scopulorum and Pseudotsuga taxifolia 
var. glauca. There was a rather uniform mixing of 
the dominants, although pine tended to be more abun- 
dant on the south-facing slopes and Douglas fir on 
the north-facing slopes. The only other tree species 
recorded, Populus tremuloides, was of little impor- 
tance in the community. The density and frequency 
percentages of all trees are shown in Table 3, as are 
the frequency percentages and percentage of total 
cover of all species other than trees. 

Both dominants had a frequency of 100 percent. 
The pine had a density of 8.0 per 25 milacres, or 
320 stems per acre. Douglas fir had a density of 
only 2.2 per 25 milacres or 88 stems per acre. Data 
on the number of trees in each size class (Table 4) 
show an increased number of transgressives and seed- 
lings as compared to the pine stands which had 
little disturbance. 

The most important associated species was Arcto- 
staphylos uva-ursi which made up a total cover of 
over 5 percent, a cover greater than the combined 
cover of all other species. The total cover of all 
herbaceous species was 2.2 percent. Several species 
of herbaceous plants were important in the com- 
munity; those of greatest importance being Carex 
heliophila, Muhlenbergia montana, Solidago mis- 
souriensis, Fendleri, Fragaria ovalis, and 
Drymocallis fissa. The most important herbs in the 
community, Carex heliophila and Muhlenbergia mon- 
tana, were likewise the most important associated 
species in the pine forests, but the other species were 
of little importance in the pine community. Two 
species, Arenaria congesta and Erigeron trifidus, re- 
corded in this stand, were not observed elsewhere in 
the main body of the forest. 

This stand, like the pine community, was uneven- 
aged and all size classes of both dominants were 
present. Few mature trees were observed, but those 
present were similar in size and age to the mature 
trees in the pine stands. 


were Pinus 


Senecio 


CHAPARRAL COMMUNITY 

The chaparral community in the Black Forest 
region is limited both in extent and importance. It 
is best developed as a marginal zone at the western 
limits of the forest where it occurs principally on 
the upper portions of slopes and broad ridges. It 
does not form a continuous cover, but is interrupted 
throughout its extent by grassland (Fig. 16). Val- 
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ley bottoms and lower portions of slopes are char- 
acteristically covered by grassland vegetation. The 
dominants of the intervening and adjacent grassland 
community are Bouteloua gracilis, Muhlenbergia mon- 
tana, Stipa comata and Calamovilfa longifolia. 





Fig. 16. Chaparral and intervening grassland on upper 
portion of slopes near Station 10. 


The chaparral community occurs elsewhere in the 
region, particularly on steep south-facing slopes of 
bluffs and buttes north and northwest of the main 
body of the forest. An expression of the community 
occurs sparingly on gravelly ridge tops south of the 
main body of the forest where it is represented by 
a sparse growth of Cercocarpus parvifolius, one of 
the shrubs typical of the community. 

The dominant of the community (Sta. 10, Fig. 1) 
is the serub oak (Quercus Gambellii). Important 
associated shrubs are Cercocarpus parvifolius and 


Rosa arkansana. The serub oak made up 94.1 per- 


cent of the total shrub cover, Rosa made up 3.3 
percent and Cercocarpus 2.2 percent. The average 
number of stems per 4 x 4 meter quadrat were: 


Quercus 22.9, Rosa 6.6, and Cercocarpus 5.2. The 
scrub oak was the largest plant in the community, 
averaging about 5 feet in height with a basal diam- 
eter of about 2 inches. The largest individual speci- 
mens were about 9 feet in height with a_ basal 
diameter of 4% inches. Shrub growth in the com- 
munity was dense and frequently difficult to pene- 
trate. 

The herbaceous ground cover was made up largely 
of grasses and a sedge (Carex heliophila). The sedge 
was the most important herbaceous plant, and made 
up 47.5 percent of the total herbaceous cover. Grasses 
of importance in the community were Bouteloua gra- 
cilis, making up 15.3 percent of the total ground 
cover, Calamovilfa longifolia 8.4 pereent, Andropogon 
scoparius 6.3 percent, Muhlenbergia montana 4.8 per- 
cent, and Stipa comata 2.1 percent. The most im- 
portant forbs were Chrysopsis villosa, Artemesia 
gnaphalodes, and Aragallus multiceps. 

The herbaceous cover was sparse, and an average 
basal cover of only 9.5 percent was recorded. This 
average is higher than that within the clumps of 
chaparral because of those quadrats which fell in 
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part in grassland, where the average basal cover was 
about 15 percent. 
DISCUSSION 

A postelimax pine consociation makes up the major 
portion of the forested area extending onto the plains 
of the western portion of the Platte-Arkansas divide, 
where mixed prairie is the climax. The forest ap- 
pears to be a remnant of a former typical montane 
forest from which the more mesic dominants, Douglas 
fir and the white fir (Abies concolor) have been al- 
most completely climinated. More favorable sites 
within the Black Forest proper still support a mixed 
ponderosa pine-Douglas fir community, but only one 
specimen of white fir was observed during this study. 
There is no positive evidence, however, that the more 
mesic dominants were ever more important than they 
are at the present time. 

The postclimax nature of the ponderosa pine com- 
munity is shown by secondary succession. Pine may 
come in at any time after the annual weed stage, 
usually appearing 4 to 6 years after abandonment, 
depending on favorable growth conditions and the 
presence of seed. Near Woodland Park, Colorado, a 
subclimax grass stage may be maintained almost in- 
definitely where grazing pressure is high (Johnson 
1945). No similar subclimax grass stage was observed 
in the Black Forest, even where areas were heavily 
grazed. 

Shantz (1906) and Whitfield (1933) both suggested 
that the most important associated species in the 
Black Forest were those which occur as dominants 
or important constituents in the adjoining mixed 
prarie association. Results obtained in this study do 
not confirm this suggestion. Only two species, Carex 
heliophila and Muhlenbergia montana, which occur 
consistently in the herbaceous cover under the forest 
are ever important constituents of the mixed prairie 
community. None of the other dominants of the 
mixed prairie are ever abundant in the forest, except 
in areas which have been thinned and grazed. 

The main body of the forest is relatively homoge- 
neous in composition, but there is considerable vari- 
ation between the stand occurring near the summit 
of the divide and the stand at 6,400 feet. The most 
noticeable difference is the abundance of shrubs in 
the stand at the lower altitude. These shrubs are all 
present in the chaparral zone at the foot of the 
mountains, but all do not occur at higher altitudes in 
the chaparral which borders the western portion of 
the Black Forest. None of these chaparral species 
were observed in the main body of the forest or any 
area studied, indicating the inability of the shrubs 
to compete with the dominant conifers in more mesic 
sites. 

The peculiar distribution of arborescent communi- 
ties in this region is influenced by a complex of inter- 
related factors, the least important of which appears 
to be climate. Whitfield (1933) suggests that since 
the Black Forest is located at higher altitudes on 
the divide it receives greater rainfall] than the sur- 
rounding region, and is consequently able to maintain 
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itself. However, it does not appear that the increased 
precipitation at higher altitudes is the important 
factor. Although there is an increase in precipitation 
with increased altitude both on the north and south 
slopes of the divide, the limits of the forest com- 
munity are not well correlated with altitude. Grass- 
land communities occur over much of the summit 
region in the highest rainfall area of this part of 
the plains. Furthermore, since the community occurs 
at altitudes as low as 6,000 feet where the mean 
annual rainfall is less than 15 inches, this factor 
cannot be considered as limiting the distribution of 
the forest at upper altitudes where the mean annual 
rainfall is about 20 inches. 

Bates (1923, 1926) suggested that high tempera- 
tures are the most important factor limiting the lower 
altitudinal distribution of coniferous species in the 
mountains of Colorado. He concluded that death of 
coniferous seedlings is caused by high temperatures 
at the surface of the soil. Pearson (1931), Shreve 
(1931), and Daubenmire (1943-a) disagree with 
Bates’ conclusions. Daubenmire found that ponderosa 
pine and Douglas fire seedlings are not injured by 
temperatures up to 120° to 160° F. While temper- 
atures up to 140° F. or higher may be attained at 
the surface of the soil on open south-facing slopes 
(Daubenmire 1943-a), such temperatures are prob- 
ably never attained under forest conditions. Shreve 
and Pearson both state that conifers could survive 
on the desert of Arizona if high temperatures were 
the factor limiting their lower altitudinal distribu- 
tion. They conclude this since temperatures of soil 
surfaces shaded by plants in the desert were at least 
as low as temperatures at the surface of unshaded 
soil in the montane zone of the forest. 

In the Black Forest region high temperatures do 
not appear to be the causal factors limiting the dis- 
tribution of coniferous or chaparral communities. 
Weekly maximum temperatures in the forest com- 
munity at 6,400 feet are higher than the weekly 
maximum temperatures in the grassland community 
near the summit of the divide, indicating that tem- 
peratures in the grassland near the summit of the 
divide are not too high for the development of pine. 
Although the stand at 6,400 feet is near the lower 
altitudinal limits of natural pine communities oceur- 
ring on the south slope of the Platte-Arkansas divide, 
high temperatures do not appear to be limiting since 
ponderosa pine and Douglas fir do well when planted 
and supplied with sufficient water in areas of much 
higher temperatures, e.g., at Pueblo, Colorado, at an 
altitude of 4,685 feet. 

High temperatures at the surface of the soil do 
not appear to limit the migration of pine into grass- 
land, for pine seedlings survived in cleared areas 
where temperatures were at least as high as that in 
grassland communities where no seedlings survived. 

Many western conifers are known to resist long 
periods of desiccation caused by high evaporation, 
thus a high rate of evaporation does not appear im- 
portant in limiting their distribution. Daubenmire 
(1943) found that both ponderosa pine and Douglas 
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fir were able to tolerate an intensity of atmospheric 
drought far in excess of that to which they are sub- 
jected under natural conditions. 

The evaporation rates in grassland communities of 
the Black Forest region are consistently higher than 
in adjacent forest or chaparral communities. How- 
ever, this appears to be a result of the vegetational 
type rather than a factor limiting the distribution of 
the types. The weekly evaporation rate within the 
forest stand at 6,400 feet is greater than the rates 
in grassland communities adjacent to the forest and 
chaparral stands et higher altitudes on the divide. 
It thus would not be limiting for pine development. 

A high evaporation rate is not the factor limiting 
the invasion of tree seedlings into adjacent grass- 
lands, since pine seedlings survived in a cleared area 
where the evaporation rate was undoubtedly as high 
as that in a nearby grassland community where all 
seedlings failed. 

It is agreed by most research workers that the 
most important factor limiting the lower altitudinal 
distribution of Rocky Mountain conifers is inadequate 
available soil moisture. The inadequacy may be 
caused by low precipitation, by topographic position, 
or by a variation in soil texture. Williams and 
Holch (1946) concluded that textural difference of 
soil was the probable cause for the zonation into 
pine, scrub oak, and grassland communities in an 
area north of the Black Forest proper. They re- 
ported that grassland soils were coarser textured than 
forest or scrub oak soils, yet they determined that 
the hygroscopic coefficient was lower in the finer 
textured forest soils, thus making possible a higher 
percentage of available moisture in the forest soils. 

Baker (1925) found that ponderosa pine seedlings 
had a higher survival rate on porous than on finer 
textured soils, even though favorable amounts of 
water were present in both soils. In those areas of 
the Black Forest where pine is advancing into grass- 
land, the invasion is invariably correlated with the 
presence of coarse textured soils in the grassland 
area. 

Differences in the texture of soils underlying for- 
est, chaparral, and grassland communities were noted 
in this study with forest and chaparral consistently 
found on coarse textured soils and grassland on finer 
textured soils. These differences in textural grades 
of the soil result in a lower moisture equivalent, 
lower wilting percentage, reduced run-off, and more 
rapid infiltration rate in the coarser textured soils, 
producing more mesic sites which permit the develop- 
ment and maintenance of arborescent communities. 

Soil moisture was never limiting in forest or chap- 
arral communities during the course of this study, 
but was limiting in adjacent grassland communities 
at lower altitudes on the divide. Since these observa- 
tions were made during an extremely wet season, 
moisture was never limiting in the grassland near 
the summit of the divide. During years when mois- 
ture conditions are less favorable, moisture may not 
be available in the upper part of the soil in forest, 
chaparral, and grassland communities for long peri- 
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ods of time (Williams & Holch 1946). In the main 
body of the forest high concentrations of water may 
accumulate above the conglomerate rock during peri- 
ods of high precipitation, supplying a reserve of 
moisture which would then be available for long 
periods of time at greater depths in the soil. The 
presence of a dense mat of roots immediately above 
the conglomerate rock would indicate this to be true. 
Soils in the chaparral are quite similar to those in 
the main body of the forest; coarse textured soils 
are generally present as is a conglomerate substrate. 
Microclimatie differences therefore may well explain 
the presence of the chaparral community, since it 
generally occurs at lower altitudes than does the 
coniferous forest, and as a result the precipitation is 
lower, and temperature and evaporation rates higher. 
In the forest community at 6,400 feet there is no 
conglomerate substrate and associated suspended 
water table. However, the deep sandy soil at this 
site permits the penetration of roots to a depth of 
several feet and pine is thus able to obtain sufficient 
water to survive. 

It may be concluded that arborescent communities 
occur on the plains in the Black Forest region only 
on those areas where the presence of coarse textured 
soils produces more mesic conditions than those oceur- 
ring in the adjacent grasslands. 


SUMMARY 


An ecological study of the arborescent and adjoin- 
ing grassland communities of the Black Forest region 
was undertaken to provide information on the probable 
causes permitting the development and maintenance 
of these forest and chaparral communities on the 
Great Plains of central Colorado where the inixed 
prairie is the climax. The region under consideration 
lies on the western portion of the Platte-Arkansas 
divide which rises from an altitude of less than 5,000 
feet to over 7,500 feet at the summit. The divide is 
characterized by gently rolling prairies and flat plains. 
The Black Forest occurs near the summit of the di- 
vide, but its position is not correlated with altitude 
as about one-half the summit is covered by mixed 
prairie grassland. For the most part the forest lies 
south of the summit, extending down to an altitude 
of approximately 7,000 feet, but outlying areas occur 
on bluffs and rocky outcrops as low as 6,000 feet, 
both on the north and south slopes of the divide. 

1. Climatically the region is characterized by an 
arid cold season and a warm season during which 
about 75 percent of the precipitation occurs. Pre- 
cipitation increases directly with altitude. Maximum 
and minimum temperatures decrease with increased 
altitude within a given vegetative type. Maximum 
temperatures are lower and evaporation rates lower in 
the grassland community at 7,500 feet than in the 
forest community at 6,400 feet. 

2. There is a wide variation in textural grades of 
soil underlying the forest and chaparral and the ad- 
joining grassland communities. Forest and chaparral 
soils are typically coarse textured; grassland soils 
fine textured. The transition between them is abrupt, 
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generally coinciding with the forest-grassland border. 
The coarse soils of the forest proper and much of 
the chaparral are underlaid by hard conglomerate 
rock usually at a depth of about 3 feet. 

3. In the coarse textured forest and chaparral 
soils moisture was always available, but moisture was 
limiting at times in the adjacent mixed prairie grass- 
land soils. During periods of heavy precipitation 
water accumulates in high concentrations just above 
the conglomerate rock in the coarse soils and prob- 
ably is available for long periods of time. This is 
evidenced by the development of a dense mat of 
roots just above the conglomerate substrate. 

4. A postclimax ponderosa pine consociation occu- 
pies the major portion of the Black Forest, although 
the most favorable sites support a ponderosa pine- 
Douglas fir stand. The important associated species 
in these communities are those generally associated 
with the dominants in the montane zone of the 
mountains. 

5. The postclimax nature of the forest community 
is shown by secondary succession. Succession is 
initiated by an annual weed stage which in turn is 
followed by a perennial weed-grass stage. The pine 
usually appears 4 to 6 years after abandonment, de- 
pending on favorable growth conditions and the pres- 
ence of seed. 

6. The chaparral community, a consociation of 
Quercus Gambellii, occurs principally on the upper 
portion of slopes and broad ridges at the south- 
western limits of the forest. The community does 
not form a continuous cover, but is interrupted 
throughout its extent by grasslands which also occupy 
the lower slopes and valley bottoms. 

7. Climatie factors do not determine the distribu- 
tion of arborescent communities in the Black Forest 
region. The differences between precipitation, tem- 
perature and evaporation rates in forest, chaparral, 
and grassland communities is probably the result of 
vegetational differences, and not the cause. 

8. The presence of coarse textured soils determines 


the distribution of arborescent communities in the 
region. More rapid infiltration, reduced run-off, and 


lower wilting percentages in the coarse textured soils, 
together with a conglomerate substrate which produces 
a “suspended water table,” produce mesie environ- 
ments where trees and shrubs are able. to survive. 
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REACTIONS OF ADAPTED LEGUMES AND GRASSES ON THE STRUCTURAL 
CONDITION OF ERODED LINDLEY-WELLER SOILS IN 
SOUTHEASTERN IOWA 


INTRODUCTION 


Man has been able to utilize plants in many ways 
to conserve soils. The development and use of dense 
foliage to protect the soils from the physical force 
of driving rain and wind, strong fibrous roots to 
prevent dislodgment of soil particles, and additions 
of organic matter from tops and roots to improve 
the productivity of soils have long been recognized. 
More recently some information has been obtained 
on how and to what degree plants change the physical 
structure of soils so that water infiltrates more read- 
ily, aeration is improved, and in general a more 
favorable edaphic environment is provided for the 
plants. This physical improvement seems to be de- 
rived in a large part from the formation of stable 
aggregates of soil particles. 

Studies were initiated in 1941 to determine the 
effects of different species of grasses and legumes on 
the physical characteristics of severely eroded Weller 
and Lindley soils at Floris, lowa. Samples were taken 
in 1941 from the surface soil layer of grass and 
legume plots established in 1939 for the purpose of 
evaluating these effects for a 3-year period. A 
sampling was planned in 1944 after another 3 years. 
The writer was absent from the project from 1942 
to 1946, so two more years elapsed than was planned 
for the second period. Records taken in 1946 pro- 
viding comparisons of the relative effectiveness of 
legumes and grasses and of species within these two 
classes in restoring soil structure are presented in 
this paper. These changes in the soils were cor- 
related with certain plant characteristics such as 
quantity and rate of decomposition of top and root 
material of the different species of plants. 

Sincere appreciation is expressed to Dr. J. M. 
Aikman, who outlined the problem and gave direction 
to the experimental work as well as in the preparation 
of the manuscript; to Dr. C. A. Black, Dr. G. M. 
Browning, and Dr. F. F. Riecken for assistanee in 
the planning and interpretation of the soil analyses; 
to Dr. J. C. Gilman and Dr. G. L. MeNew for sug- 
gestions and criticisms in the preparation of the 
manuscript; to Prof. Paul G. Homeyer for guidance 
in the interpretation of the statistical analysis; and 
to Dr. Howard E. Brewer for helpful suggestions 
and permisison to use certain soil data. 

Especial acknowledgment is made of technical and 
financial assistance of the Division of Research of 
the Soil Conservation Service, United States De- 
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partment of Agriculture and the Iowa Agricultural 
Experiment Station. The author also wishes to 
acknowledge the assistance on portions of the statis- 
tical analysis of the Statistical Laboratory, the Ala- 
bama Polytechnic Institute. 


RELATED STUDIES 

Research in soil structure prior to 1930 was con- 
cerned with many different approaches to the prob- 
lem. Results were often contradictory with no 
apparent trends developed in this field of study. 
Emphasis in soil research of the period was centered 
on soil chemistry. Reviews of the prevailing earlier 
concepts of the effects of plants on soil structure were 
given by Warming (1909) and by Clements (1928). 

A comprehensive survey of research pertaining to 
soil structure was presented by Baver (1940). From 
his review of the relationship of plants to the forma- 
tion of aggregates, it is evident that Russian research 
has contributed a considerable proportion of the 
knowledge on this particular phase of soil structure. 
The Russian view is that the desirable granular type 
of soil structure is formed only under the perennial 
grass, legume, and legume-grass mixture types of 
plant cover. 

Several investigators (Metzger and Hide 1938, 
Stauffer and co-workers 1940, Li and co-workers 
1942, and Browning and Milam 1944) measured de- 
gree of aggregation and amount of organic matter 
of soil associated with various types of plants. Dif- 
ferences in aggregation under several species of 
perennial grasses were found by McHenry and New- 
ell (1947) to be closely related to the readily oxidiz- 
able material added by these plants to the soil. No 
relation between degree of aggregation and the or- 
ganic matter increase caused by a particular plant 
could be shown by Ackerman and Myers (1943). 
Rost and Rowles (1941) found that the amount of 
organic matter in virgin prairie and forest surface 
soils was approximately the same but that the aggre- 
gation in the prairie soil was greater than in the 
forest soil, and concluded that other factors than 
quantity of organic matter were involved. Working 
with various mixtures of soil separates in the labo- 
ratory, McHenry (1944) concluded that organie 
matter alone could not cause the formation of water- 
stable aggregates. 

Variations in soil structural conditions associated 
with different species of cover plants have received 
some attention. The condition for aggregation is as 
favorable under ungrazed Kentucky bluegrass as it 
is in undisturbed forest according to Alderfer (1942). 
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Perennial grasses were found to be superior to 
legumes in the restoration of soil structure in East 
Africa (Martin 1944) while forest and perennial 
grasses were shown by Campbell (1945) to be more 
effective than clover in New Zealand. However, 
studies in Kansas showed alfalfa to be more effective 
than meadow in structural regeneration (Myers & 
Myers 1944). Differences among species of perennial 
grasses in their soil structure-forming effects were 
shown to be highly significant by McHenry and 
Newell (1947) and Martin (1944), although no sig- 
nificant differences were established by Feng.‘ Dif- 
ferences were shown by Auten (1945) to exist among 
woody plants in their soil structure-forming effects on 
eroded soil. 

The evidence since 1940 seems to indicate that the 
principal cementing agent of aggregates is not de- 
composing organic matter but a secretion from the 
microorganisms which are activated by organic matter 
additions (Peele 1940, Martin & Anderson 1943, 
and McCalla 1945). The fungi associated with the 
late stages of decomposition were shown by Martin 
(1946) to be responsible for the highest percentage 
of water-stable aggregates. Aggregates formed by 
the action of soil microorganisms were found by 
McHenry (1944) to be temporary in nature, and a 
high degree of aggregation in soils was dependent on 
a maintenance of microbial activity by constant re- 
newal of the organic matter. That the function of 
organic matter in structural genesis is that of an in- 
direct factor supplying energy for microorganisms is 
the opinion of the Russian worker Geltzer according 
to a review of his work by Russell (1943). The high- 
est degree of aggregation in soils under natural con- 
ditions was shown by Feng (1947) to occur when the 
carbon dioxide evolution was at a maximum, which 
was indicative that an association existed between 
microbial activity and aggregation. 

Secondary plant successional studies of structural 
conditions in the various seral stages show that as 
succession advances one may expect an improvement 
in the physical status of the soil. Warner (1945) 
showed that total porosity increased and volume 
weight decreased in eroded soils in southern Iowa 
from the early weed stage to the climax. Significant 
changes in the physical condition between the early 
stages and 70-year-old stands of loblolly pine in the 
southeastern United States could not be established 
by Coile (1940). Demont® pointed out that the most 
pronounced changes in the physical properties of 
soils in New England took place in the earlier stages 
of succession and, that following these earlier stages, 
the occupancy by white pine for 25 years did not 
significantly alter the physical properties of the soils. 

The role of living roots in the modification of 
soil structure has been little studied. Weaver and 


Zink (1946) associated the granular condition of 
4Feng, Chao Lin. 1947. The effect of crop rotations on soil 
aggregation and related characteristics in a Belinda silt loam. 
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on old fields in Connecticut. Unpublished M.S. thesis. Library, 
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prairie soils with the large amount of roots of the 
prairie grasses. The greatest degree of aggregation 
in soils under various grasses has been correlated 
with those grasses whose roots have the highest bind- 
ing power (Pavlychenko 1942). Kramer and Weaver 
(1936) had previously shown the great tenacity and 
high binding power of roots of prairie grasses in 
holding the soil when exposed to a constant stream 
of water, as contrasted to the poor qualities of lezume 
and row crop plants in this respect. No relation 
could be established by Feng (1947) between the 
weight or volume of roots of a grass and its aggre- 
gating capacity. Hubbell and Chapman (1946) be- 
lieve that the larger aggregates in the soil are held 
by root binding. 

The effect of plants on the structural condition of 
the soil at lower depths has been studied by several 
workers (Stauffer and co-workers 1940, Parker & 
Jenny 1945, and Li and co-workers 1942). Warner 
(1945), however, could not establish differences in 
total porosity and volume weight below the 3-inch 
layer of soil in various communities of secondary 
succession. Effects of mulches on the degree of 
aggregation were not apparent below 3 inches accord- 
ing to Alderfer (1944), but mulching effects on 
aggregation at a depth of 12 inches were shown by 
Havis (1943) and Stephenson and Shuster (1945). 

Jacks (1944) found that 2 to 4 years of perennial 
grass on soils which had a degenerated structure re- 
stored these soils to a granular condition. Thus soil 
structure appears to represent a highly dynamic 
system capable of modification by such factors as 
plant covers. Further evidence of this dynamic 
property was shown by the results of Feng (1947) 
and Alderfer (1946) who found that aggregation 
varied widely during the year with a maximum 
reached in late summer. 

Most root studies consisted of measurements of 
the depth of penetration and of the lateral spread 
of roots by the bisect method which found its widest 
application in the work of Weaver (1919). Ander- 
son (1927) also utilized the bisect method in her 
studies of the roots of pasture plants in the English 
chalk region and found that Lotus corniculatus pene- 
trated to a depth of 3 feet. 

Quantity of underground material of the various 
grasses in the prairie has been evaluated by several 
workers (Weaver & Harmon 1935, Shively & Weaver 
1939, and Stevenson & White 1941). Quantitative 
root data were obtained by Crider (1945) on prairie, 
pasture, and introduced lovegrasses. The volumes of 
roots of prairie and pasture grasses were measured 
in the surface soil by Feng (1947). The amount of 
root material under Kentucky bluegrass had been 
determined by several workers (Willard & McClure 
1932, Brown 1943, and Warner 1945). Quantitative 
vields of roots of pasture plants in South Africa have 
been reported by Coetzer (1945). 

The yields of roots of 3-year-old alfalfa were 
measured by Garver (1946) and root yields of 1-year- 
old alfalfa were determined by Warner (1945). The 
amount of root material of several forage legumes 
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was reported by Snider (1946) and by Fred and 
co-workers (1932). The yield of roots of Lespedeza 
sericea in several types of soil was studied by Pieters 
(1939). Bisect studies of Lotus corniculatus were 
made by MacDonald (1946). 

A very few papers have appeared on the rate of 
decomposition of roots. Doughty (1941) found that 
the order of decomposition of roots was slender wheat 
grass>, brome>, alfalfa>, crested wheat grass. 
Chemical analysis of roots and tops of alfalfa, brome 
grass, and timothy by Newton and Young (1940) 
showed that these plants had narrower C:N ratios in 
the roots than in the tops, and one could, therefore, 
expect a more rapid decomposition of the roots. 
Weaver (1947) found the rate of decomposition of 
roots of pasture grasses to be most rapid, that of tall 
grass prairie grasses to be intermediate, and that of 
the short prairie grasses to be slowest. 

While the quantity or root material added to the 
soil by grasses and legumes is one of the important 
criteria of their possible effects on modification of 
soil structure, the quantity of above-ground material 
assumes equal importance. The production of tops 
of native grasses in the prairie has been determined 
by Weaver and Harmon (1935). Above-ground 
yields of prairie grasses established on eroded gray- 
brown podzolics in southeastern Iowa have been 
studied by Boyd (1942) and Aikman and McDermott 
(1943). 

The large amount of above-ground plant material 
produced by the love-grasses as compared with 
prairie and pasture grasses was reported by Crider 
(1945). Kentucky bluegrass top yields have been 
reported by several investigators (Willard & McClure 
1932, Brown 1943, and Warner 1945). 

Yields of above-ground material of Lotus cornicu- 
latus were determined in separate areas by Mac- 
Donald (1946) and Brewer (1947). The top produc- 
tion of Lespedeza sericea was evaluated by Pieters 
(1939). The top yields of various forage legumes 
have been reported by Snider (1946) and Garver 
(1946). 

No attempt will be made to summarize the literature 
pertaining to the decomposition of tops of plants, 
as excellent reviews have been presented by Norman 
(1943) and Waksman (1943). Plants such as legumes 
with narrow C:N ratios decompose more rapidly than 
do wide C:N ratio plant types such as grasses. 


METHODS OF STUDY 
DESCRIPTION OF EXPERIMENTAL SITES 

The experimental sites were at the Floris station 
of the cooperative research project of the Iowa 
Agricultural Experiment Station and the Soil Con- 
servation Service, United States Department of 
Agriculture. Their position on the farm is shown 
in Figure 1. The milacre grass plots on the two 
grass sites were planted in the autumn of 1938 and 
the milacre plots on the legume sites were planted in 
the spring of 1939. The two uncultivated oak-hickory 
sites were established in the autumn of 1946 for a 
comparison of the structural properties of their soils 
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Fig. 1. 


Locations of experimental legume, grass, and 
uncultivated oak-hickory sites at the Floris station in 
southeastern Lowa. 


with those of the soils of the grass and legume sites. 

The grass site (S-1) was on a fairly level 2 to 4 
percent slope on Weller silt loam of moderate erosion 
damage. The experimental design was a completely 
randomized design of five replicates per treatment. 
Grass site (S-2) was on a severely eroded slope of 
10 to 12 percent Lindley silt loam (high in sand) 
with the milacre plots arranged in a completely ran- 
domized design of 6 replicates per treatment. 

Legume site (L-1) on Lindley silt loam (high in 
sand) was on a moderate to severely eroded slope of 
6 to 10 percent. Legume site (L-2) was on the 
alluvial soil and legume site (L-3) was on a severely 
eroded Weller silt leam of 3 to 12 percent slope. On 
each of the three sites the randomized block experi- 
mental design was employed, detailed maps of which 
were published by Brewer (1947). On L-1 legume 
site the treatments were replicated in 8 randomized 
blocks, on the L-2 legume site they were replicated 
in 10 randomized blocks and on site L-3 in 6 random- 
ized blocks. 

In anticipation of this study in all sites of legumes 
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and grasses, bare plots had been included in the 
experimental designs which were maintained in the 
legume sites throughout the period of experimentation 
(1941-1946). No weeds or other vegetation were 
allowed to grow on these bare plots. The bare plots 
provided the necessary checks on changes in the soil 
structure in the grass and legume plots. In 1946 the 
number of sites utilized was confined to legume sites 
L-1 and L-3 and to grass site S-1. 

The uncultivated oak-hickory site A on Weller silt 
loam had been cut over and a few original trees with 
interspersed younger trees remained as cover. A pro- 
file pit was employed for sampling on this site. On 
the uncultivated oak-hickory site B on Lindley silt 
loam (high in sand), several stations were located at 
random within an area of 1/10 of an acre. The oak- 
hickory vegetation on the Lindley site was comparable 
to that on the Weller site. The sites A and B were 
used only in the 1946 experimental plans. 


CHARACTERISTICS OF THE SOIL TYPES 

The grass and legume plots were located on Weller 
silt loam and Lindley silt loam (high in sand), the 
two principal soil types of the station. These two 
soils were developed under hardwood (oak-hickory) 
vegetation, Weller from Peorian loessial parent mate- 
rials and Lindley from glacial drift of Kansan age. 
The area in southeastern Iowa in which these soils 
are located has a rolling to steep, hilly topography 
with the steep, hilly type predominant on the station. 
The Weller silt loam is a shallow loess soil on the 
hill tops and the Lindley silt loam is the soil type on 
the slopes. 

The degree of erosion of the two soils was estab- 
lished by means of field surveys of the depth of top 
soil remaining and by a comparison of the physical 
properties of the eroded surface soils in Table 1 with 
the uncultivated surface soils in Table 2. From this 
comparison a layer by layer type of erosion seems to 
have taken place if one takes the volume weight data 
as a basis of difference for both the Weller and Lind- 
ley soil types. However, changes in textural separate 
distribution, while indicating this trend in the Lindley 
do not substantiate this type of erosion damage to 
the Weller but rather a removal of the finer separates 
which increases the percentage of sand in the surface 
layer. The results obtained here are comparable with 
those of Slater and Carleton (1942). 

The uncultivated profiles of both soils shown in 
Table 2 were permeable and had good structure, but 
the two soils were characterized by slow subsoil drain- 
age which was more evident in the Weller. The 
eroded surface soils as indicated in Table 1 were in 
a poor structural condition and had low permeability. 
The physical property results obtained at Floris were 
similar to those found for related soils by Middleton 


and co-workers (1934) and Free and co-workers 
(1940). The Weller silt loam had a higher clay and 


silt content than did the Lindley silt loam (high in 
sand) and had a higher total base exchange capacity, 
but the Lindley as a result of liming had the higher 
pH. Neither highly significant differences nor sig- 
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TABLE 1. Summary of some chemical and physical 
characteristics of the two soil types at two depths. All 
data based on samples from eroded profiles. 




















Lindley silt loam 
Weller silt loam high in sand 
Soil characteristic —— 
0-6 6-18 0-6 6-18 
inches inches inches inches 
Percentage of C*. 1.29 0.66 1.01 | 0.67 
Percentage of N*. 0.12 0.06 0.09 0.05 
Total base ex- 
change capacity**| 13.89 18.74 10.91 15.36 
__ ae ee 4.90 4.52 5.91 4.59 
Percentage of 
Uo os bests 21.99 39.92 16.26 22.10 
Percentage of 
“ee 63.98 57.52 50.45 48.85 
Percentage of 
ee 14.02 2.56 33.27 29.05 
Volume weight. . . 1.20 1.25 1.32 1.30 
Percentage of 
aggregates 
greater than 
0.25 mm.*....| 24.7 30.7 29.1 31.3 
Permeability 
(ml/min/cm. 
| See Sea 1.5 2:2 1.5 ES 
| 

















*Percentages expressed on an oven-dry basis. 
**Milli-equivalents per 100 grams of oven-dry soil. 


TABLE 2. Some physical properties taken from pro- 
file samples of uncultivated Weller and Lindley soils 
under cutover oak-hickory forest. 























Per- 
PERCENTAGE* OF meability 
Depth | Volume} ml/min/ 
| Clay | Silt | Sand |Weight| cm. head 
Weller silt loam 
| 
3 inches... .| 21.29 | 69.46 9.25 | 0.93 18.0 
9 inches... .| 27.45 | 65.00 | 7.55 | 1.21 10.4 
15 inches... .| 35.91 | 58.58 | 5.51 | 1.22 8.6 
21 inches... .| 44.13 | 52.31 | 3.56) 1.15 0.3 
50 inches... .| 24.06 | 38.14 | 37.80 | 1.38 0.5 
59 inches. . . | 28.78 | 24.08 | 47.05 | 1.31 0.2 
Lindley silt loam, high in sand 
| | | 
3 inches... .| 16.05 | 28.23 | 60.72 | 0.84 | 50.4 
9 inches... .| 13.53 | 18.83 | 67.64 | 1.37 | 237 
15 inches... .| 26.65 | 17.84 | 55.51 | 1.28 | 3.0 
21 inches... .| 41.03 | 20.03 | 38.87 | 1.27 | 1.5 
27 inches... .| 36.15 | 19.24 | 44.61 | 1.30 | 0.9 
30 inches... .| 30.33 | 19.95 | 49.72 | 1.43 | 1.9 





*Percentages expressed on oven-dry basis. 


nificant differences could be established between the 
two soils on a basis of chemical or physical proper- 
ties with the exception of differences in texture. Both 
soils were highly erosive and had a low fertility level 
which suggested that proper management should be 
based on erosion control practices and suitable addi- 
tions of inorganic fertilizers. 

The alluvial soil of one of the legume sites used 
in the 1941 studies was an immature soil with little 
profile development and as yet not definitely classified. 
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From the data of Brewer (1947) this soil was shown 
to be a more highly productive soil than either the 
Weller or Lindley. 
SELECTION OF SPECIES 

The results of the adaptation studies with prairie 
grasses (Boyd 1942) and legumes (Brewer 1947) on 
the eroded soils of the Floris station were used as 
the basis of selection of species. The 4 legume and 
5 prairie grass species selected are listed in Table 3. 


TABLE 3. Species of legumes and grasses selected for 
study of their effects on soil structural conditions in 
milacre plots in 1941 and 1946. 





Scientific name Common name 





Lotus corniculatus L.................. Bird-foot trefoil 
Lespedeza sericea (Thunb.) Benth.'.....Sericea lespedeza 
Lespedeza stipulacea Maxim........... Korean lespedeza 
Lespedeza capitata Michx.* 

TVATOUAY PIUUONDE Th. 5 sso eee bias Red clover 
Andropogon furcatus Muhl.?........... Big bluestem 
Panicum virgatum L.................-- Switchgrass 
Sorghastrum nutans (L.) Nash......... Indian grass 
Sporobolus asper (Michx.) Kunth...... Dropseed 
Bouteloua gracilis (H.B.K.) Lag........Blue grama 
Pe oe: SSR a ae eer Kentucky bluegrass 





1Lespedeza cuneata Dum. de Cours according to strict taxonomy. Lespedeza 
sericea is used here because of its almost univerasl use by plant scientists in this 
country. 

2Has been called A. gerardi Vitmen by some authors. 

3No common name has been established. 


The milacre plots established in 1939 for the adapta- 
tion studies were used in this study. In addition to 
the four leguminous species, plots covered with a 
perennial legume mixture of Lotus corniculatus, Les- 
pedeza sericea, and Trifolium pratense were included 
in the selection. Thus the 1941 experimental plan 
had 5 prairie grass and 5 legume treatments. From 
1942 until the 1946 studies were initiated, the inter- 
actions of competition were allowed to exert their 
effects in the plots. As a result, the choice of species 
had narrowed in 1946. Lotus corniculatus and Les- 
pedeza sericea were the two species of legumes and 
Andropogon furcatus, Panicum virgatum, and Sor- 
ghastrum nutans were the prairie grasses. For a com- 
parison with the prairie grasses Poa pratensis was 
added to the experimental list in 1946. 


PuysicaL ANALYSIS OF THE SOIL 

As yet soil structure cannot be expressed in terms 
of any single value. Many quantitative methods are 
utilized for the measurement of various physical 
properties of soils which are interactions of soil 
structure. It seemed desirable in this study to employ 
several methods of measuring soil physical properties 
which could be considered indices of the soil structural 
conditions resulting from the reactions of plants. Of 
the methods utilized in both the 1941 and 1946 deter- 
minations the Yoder wet-sieve technique of expressing 
quantitatively the amount and stability of aggregates 
gave the most nearly adequate index of structure as 
related to the structural stability, productivity, and 
degree of erosion of the soils. 
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The percentage of water-stable aggregates greater 
than 0.25 mm. has been shown by many workers to 
be closely correlated with plant yields and degree of 
erosion. However, it has not been shown as yet ex- 
actly the proportion of aggregate which should be 
above a certain size nor what this size should be for 
the most favorable plant growth conditions, although 
most workers have employed a 0.25 mm. size. The 
aggregation data in this study has been expressed as 
percentage of aggregates greater than 0.25 mm. Re- 
cently Wilson and Browning (1946) and Feng (1947) 
have reported that the percentage of aggregates 
greater than 2.00 mm. has a close relationship with 
the structural stability and degree of erosion of 
soils. The 1946 data were expressed both on per- 
centage of aggregates greater than 0.25 and 2.00 mm. 

In order to gain some concept of the amounts and 
arrangement of the structural units, volume weights 
were made in 1941 and 1946. This is one of the 
older structural indices which has been widely used 
in the past. The third method used was the measure- 
ment of permeability rates on undisturbed soil cores 
which has received considerable attention as a soil 
structural index. A full appraisal of this method 
has not yet been made by soil scientists but, as it 
was used here, it was thought to give some indication 
of how aggregation improvement and decreased vol- 
ume weights affected the rate of permeability of the 


soils. 


WATER-STABLE AGGREGATES 

The technique of Yoder (1936) was employed for 
the water-stable aggregate analysis. Duplicate 50- 
gram samples of air-dried soil were used in 1941 and 
i946. These duplicate 50-gram samples were with- 
drawn at random from one of the quartered sections 
of the larger samples taken in the plots. The large 
samples in 1941 were taken at random in duplicates 
within the milacre plots by carefully removing the soil 
with a spade with the least possible disturbance. 
Duplicate samples were taken in all replicates of the 
five prairie grass and five legume treatments on the 
grass sites (S-1 and S-2) and on the legume sites 
(L-1, L-2, and L-3). The depth of sampling was 
the surface 0-6 inch layer of soil and the time was 
within a period of one week in August, 1941. 

In 1946 the plots utilized in 1941 were sampled 
in the Lotus corniculatus and Lespedeza sericea treat- 
ments on the eroded soil sites (L-1 and L-3). On the 
grass sites, plots of Panicum virgatum, Sorghastrum 
nutans, Andropogon furcatus, and Poa pratensis were 
sampled on the S-1 site only. For obtaining the 
samples the steel cylinder employed for the root 
used. Duplicate samples were not taken 
analysis of variance of the 1941 data 
had shown a low sampling error mean square between 
duplicates. Single samples were made in all repli- 
cates at random in the milacre plots in the 0-3 inch 
and 3-6 inch soil layers, and 3 plots for each treat- 
ment were sampled in the 6-9 inch, 9-12 ineh, 12-15 
inch, and the 15-18 inch soil layers. Samples for 
aggregate aanlysis were not run on the Weller silt 


samples was 
because the 
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loam oak-hickory site, but 6 random stations were 
chosen on the Lindley silt loam (high in sand) oak- 
hickory site. At the 6 stations the 0-3 inch and 3-6 
inch layers of soil were sampled and 3 of the stations 
were taken at random for the sampling at the re- 
maining 4 depths as employed in the grass and 
legume plots. All sites were sampled in October, 
1946. Compositing of individual samples from the 
plots was not employed in either the 1941 or 1946 
sampling; in every case individual samples were 
analyzed. 
UNDISTURBED CORE MEASUREMENTS 

Undisturbed core samples were obtained by means 
of the inner cores and sampling tube described by 
Coile (1936). Volume weight data were obtained 
from these cores from the 5 legume and 5 prairie 
grass treatment plots on the Weller silt loam sites 
which were taken in August, 1941. All replicates of 
the treatments were sampled in the 0-3 inch soil 
layer in duplicate random samples within the milacre 
plots. 

In September, 1946, a more extensive sampling of 
the plots was carried out in the milacre plots of 2 
legume species and 4 grass species and at the ran- 
dom stations of the oak-hickory sites. Plots on the 
Lindley silt loam (high in sand) and Weller silt 
loam sites were used for the legumes and the plots of 
the Weller silt loam site only for the grass plots. 
The plan of sampling that was followed in all the 
milacre plots consisted of taking duplicate cores in 
the 0-3 inch and 3-6 inch layers in all replicates 
while 3 single core replicates were taken in the 6-9 
inch, 9-12 inch, 12-15 inch, and 15-18 inch soil lay- 
ers. Sampling was done at random within the 
milacre plots. In the Lindley oak-hickory site 6 dupli- 
cate core samples were taken at the 0-3 inch and 3-6 
inch soil depths and 3 single core samples were 
taken at the 9 inch, 15 inch, 21 inch, and 30 inch 
depths for the purpose of determining physical prop- 
erties of the entire profile. The cores in the Weller 
oak-hickory site were obtained in triplicate at the 
3 inch, 9 inch, 15 inch, 21 inch, 50 inch, and 59 inch 
depths in a single profile pit excavation. All core 
samples were utilized for volume weight and permea- 
bility constants which were made by the method de- 
scribed by Wilson and co-workers (1947). 

MECHANICAL ANALYSIS 

The pipette method as modified by Tyner (1940) 
was employed in the mechanical analysis. A measure- 
ment of the texture of the Lindley and Weller soil 
types was required for the textural classification of 
these two soils on the experimental sites of the sta- 
tion. Furthermore, it seemed necessary to determine 
differences in this important physical property at 
various depths within the profile and in the surface 
layers within the experimental sites for use as another 
basis of explanation of certain plant-soil relations. 
For differences within a site 6 randomized 0-3 inch 
samples were obtained from the Lindley legume site 
and from the Weller legume and grass sites. A 
separate mechanical analysis was run on each sample. 
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At each of these three sites three random samples 
were taken of the 6-9 inch and 12-15 inch layers and 
composited. From the composite samples triplicate 
mechanical analysis determinations were made. Tex- 
tural differences within the profile were obtained from 
duplicate samples taken at the 0-3 inch, 9 inch, 15 
inch, 21 inch, 50 inch, and 59 inch depths for the 
Weller soils and at the 0-3 inch, 9 inch, 15 inch, 21 
inch, 27 inch, and 30 inch depths for the Lindley 
soils. These samples were obtained in the unculti- 
vated oak-hickory sites. 
VEGETATION 
GROWTH HABIT OF MATURE PLANTS 
It was thought that the growth habit of the mature 
plants would be of considerable importance in an 
evaluation of their characteristics which would affect 
soil structural conditions. Such characteristics as to 
whether the plants completely covered the soil sur- 
face by a sod or were in bunches or crowns could 
best be shown by photographs and descriptions of 
cover. The number of plants per given area was 
determined by means of count-list quadrats utilizing 
a quadrat size of 1/4,000 acre. Basal area percent- 
ages to show the degree of protection at the surface 
of the soil were taken in 1/16,000 acre quadrats. 
Count-list and basal area quadrat readings were made 
at random within the milacre plots. These figures 
were obtained in the fall of 1946 on the grass and 
legume sites of Weller silt loam. All replicates of 
milacre plots on both sites were sampled. 


YIELDS OF ABOVE AND BELOW GROUND PARTS 

Top yields on an oven dry basis were obtained from 
weight-list quadrats of 1/16,000 acre taken at ran- 
dom within the milacre plots utilizing all replicates 
of the grasses and legumes on the Weller site and 
of the legumes on the Lindley site. Top yields of 
leaf fall were made in 10 randomized 1/4,000 acre 
quadrats on the Lindley uncultivated site. 

For the measurement of root yields in the milacre 
plots of grasses and legumes steel cylinder samplers 
were designed. Cylinders for taking 9-inch, 6-inch, 
and 3-inch samples were used. The 9-inch cylinder 
was slotted at 3-inch intervals making it adaptable 
for taking 3-inch cores of soils from the entire sam- 
ple. The sharpened end of the cylinder was crimped 
to make the soil cores smaller than the cylinder for 
easy removal from the top of the eylinder. The 
cylinders and method employed in the field are shown 
in Figure 2. These cylinder samples enabled one 
worker to take a large number of samples with less 
labor than would have been involved by removing 
large soil blocks. Campbell (1945) in New Zealand 
employed similar cylinders and compared the sam- 
ples with large block samples. He concluded that a 
large number of cylinder samples gave a more accu- 
rate measurement of root yields than did a few large 
block samples. 

The technique employed kere was a sampling of 
all replicates at random within the milacre plots at 
the 0-3 inch and 3-6 inch soil depths and sampling 
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of three replicates at the 6-9 inch, 9-12 inch, 12-15 
inch, and 15-18 inch soil depths. The soil cores ob- 
tained were then placed on a nest of screens and 





Fig. 2. The 3 cylinders (upper) utilized for obtaining 
randomized root samples and (middle and lower) the 
method employed in the field for taking a 3-inch sample 
at different depths in the soil. 


washed with a sharp direct stream of water. Very 
few fine roots were lost through the lower 0.25 mm. 
screen. In order to obtain a picture of those portions 
of the root systems of the legumes and grasses which 
occupied the soil layers investigated, 6 in. x 6 in. x 
18 in. blocks were washed and photographed. Since 
the roots in the uncultivated oak-hickory site were 
large and scattered at the lower depths, three repli- 
cates of 1/16,000 acre quadrat size blocks were taken 
in 3-inch layers to a depth of 18 inches for the tree 
root yields. These were washed on screens as before. 
All root samples were taken in the fall of 1946 in 
all the replicated milacre plots on the Weller site 
for the grasses and legumes and on the Lindley site 
for the legumes. Root yields by means of the 
1/16,000 acre block method were confined to the 
Lindley uncultivated oak-hickory site-B. 


RATE OF DECOMPOSITION OF ABOVE AND BELOW 
GROUND PLANT PARTS 

Oven-dried samples of tops (weight-list quadrats) 
and roots from the 0-3 inch and 3-6 inch layers of 
all replicates were well mixed into one sample of 
tops and one sample of roots for each of the species; 
Lotus corniculatus, Lespedeza sericea, Andropogon 
furcatus, Panicum virgatum, Sorghastrum nutans, 
Poa pratensis, and for uncultivated oak-hickory. 
Approximately 50 grams of the dried plant material 
were withdrawn from each sample and ground to an 
even, relatively fine residue by the Christie and 
Norris mill to pass the 20 mesh screen. From the 
ground residues of tops and roots of each type of 
plant cover duplicate 1l-gram samples were with- 
drawn, well mixed with 100 grams of soil from a 
sample of composited 0-6 inch eroded Weller silt loam 
and placed in quart Mason jars. The jars were in- 
cubated at 30 degrees centigrade for a period of 23 
days and the CO, evolved was measured at given 
intervals by the method of Newman and Norman 
(1942). 

EFFECTS OF PLANTS ON SOIL STRUCTURE 

WaATER-STABLE AGGREGATES 

The mean values in 1941 of percentage aggregates 
greater than 0.25 mm. from 0-6 inch soil samples 
under the leguminous species on three types of soil 
are presented in Figure 3. The differences between 
species are apparent from these data. The widest 
variation among species was on the Weller silt loam 
site with lesser differentiation on the other two sites. 
Statistical analysis® showed that the treatment differ- 
ences were highly significant for the Weller and 
alluvial sites but not significant for the Lindley site. 
The wider difference between species and greater in- 
creases in aggregation that were found on the Weller 
site are further brought out by a comparison of per- 
centage increase of the treatments over the eroded 
condition in Table 4 for the Weller and Lindley sites. 
Of the species Lotus corniculatus was the best strue- 
tural regenerator on the 2 eroded soils while Lespedeza 

6 Tests for significance were made by the analysis of variance 


method. Tables of these analyses may be seen in the thesis 
deposited in the Library of Iowa State College, Ames, Iowa. 
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PERCENT OF AGGREGATES GREATER THAN 0.25 MM. 
Fie. 3. The effects of 5 legume treatments at the 
end of 3 years growth (1939-1941) on the percentage of 
aggregates greater than 0.25 mm. in the 0-6 inch layer 
of three soil types. 


stipulacea was the superior on the alluvial soil. The 
perennial mixture was outstanding on each of the 3 
sites. Of the other adaptable legumes on the eroded 
sites Lespedeza stipulacea showed some increase in 
water-stable aggregates while Lespedeza sericea was 
of less bencfit. The poorly rooted and single-shooted 
Lespedeza capitata was the least effective. Thus dif- 
ferences were shown between the species. Lotus cor- 
niculatus was the best structure-improving species on 
both eroded soil types after three growing seasons 
(1939-1941). 

The mean values for percentage aggregates greater 
than 0.25 mm. from the surface 0-6 inch samples 
under 5 prairie grasses on the Weller and Lindley 
sites are given in Figure 4. As was shown with the 
legumes, certain species among the prairie grasses 
were superior structure regenerators. However, spe- 
cies differences were not as wide as for the legumes, 
although sufficiently wide to be highly significant on 
the Weller site but not on the Lirdley site. On each 
of the eroded soils Andropogon furcatus, Sporobolus 
asper, and Sorghastrum nutans were superior to 
Panicum virgatum and Bouteloua gracilis. Percent- 
age increases over the eroded plots (Table 4) indicated 
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TABLE 4. The effects of five legumes and five grass 
species on aggregation in two soil types and on volume 
weight on one soil type in the surface layer of soil for 
1941. 




















Percentage 
Percentage increase decrease 
in aggregates> in volume 
0.25 mm.* weight 
Kind of cover Weller |Lindley silt} Weller 
silt loam high silt 
loam in sand loam 
Lotus corniculatus.... . | 171.4 12.1 3.4 
Perennial legume mixture} 164.3 10.3 6.0 
Lespedeza stipulacea.....| 80.4 0.0 0.9 
Lespedeza sericea. | 48.3 0.0 0.9 
Lespedeza capitata.......| 32.9 0.0 0.0 
Andropogon furcatus... . | 36.9 10.5 4.8 
Sporobolus asper........| 33.0 16.6 1.9 
Sorghastrum nutans......| 29.3 15.4 2.9 
Panicum virgatum.......| 18.8 11.2 | 1.9 
Bouteloua gracilis. ...... 11.0 2.2 | 2.9 








*Percentage increase in aggregates >0.25 mm. and percentage decrease in 
volume weight on a basis of eroded without vegetation plots. 
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PERCENT OF AGGREGATES GREATER THAN 0.25 MM. 
Fic. 4. The effects of 5 prairie grasses at the end 
of 3 years of growth (1939-1941) on the percentage of 
aggregates greater than 0.25 mm. in the 0-6 inch layer 
of 2 soil types. 
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greater improvement by the grasses on the Weller silt 
loam than on the Lindley silt loam (high in sand). 
From the 1941 data differences between legumes 
and grasses can be found by an examination of the 
percentage increases in the aggregation (Table 4) of 
the soils under the legumes as compared with the 
grasses. It is readily apparent that the legumes were 
superior in three growing seasons to the prairie 
grasses on the Weller sites on a basis of their increases 
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in aggregation. Although narrower differences ex- 
isted among species of both grasses and legumes on 
the Lindley sites which statistically were not signifi- 
cant, it would appear that taken collectively the 
prairie g grasses were somewhat superior to the legumes 
on the Lindley site. Thus it would seem after three 
seasons of growth that the degree of change mani- 
fested by a legume or grass was related to soil type. 
In 1946 samples were taken at 3-inch intervals to 
a depth of 18 inches. The results of yong. of 
water-stable aggregates greater than 0.25 mm. at the 
6 depths are presented in Table 5 for the legume site 
on the Weller silt loam. The data showed that the 
two legumes gave a higher degree of aggregation 
than the bare plots to a depth of 9 inches. This 
difference is further brought out in Figure 5 for the 
first three layers of soil. The data showed that Lotus 
corniculatus was superior to Lespedeza sericea at 0-3 
inches and 6-9 inches. The differences‘ were highly 
significant for treatments and significant for depths 
between the 0-3 inch and 3-6 inch layers. The non- 
significant interaction of treatment x depth indicated 
that treatment differences were attributable to the 
effects of the cover plants. The significant differ- 
ences for depths in the first 2 lavers of soil reflected 
the differences in aggregation between the first two 
depths for each treatment. When all depths were 
considered differences among treatments were not 
significant, but within treatments differences between 
depths were highly significant. The interaction of 
treatment x depth as before was non-significant. 


TABLE 5. The effects of two species of legumes on the 
aggregation of Weller silt loam. 1946. 





PERCENTAGE STABLE AGGREGATES 
: GREATER THAN 0.25 MM. AT 
Kind of cover 








0-3 3-6 6-9 9-12 12-15 15-18 

inches | ine nche »s | inches | inches | inches | inches 

Lotus corniculatus* . . 56.5 48.9 41.2 30.4 27.4 | 32.3 
Lespedeza sericea*....| 50.0 48.9 33.0 30.6 29.3 27.0 
30.7 | 35.2 


Bare, unvegetated* 30.3 21.7 20.9 23.7 ‘| 


ins values of samples from milacre plots in 6 randomized blocks. 


The percentares of water-stable aggregates greater 
than 0.25 mm. for Weller silt loam in the 3-inch lay- 
ers to a depth of 18 inches are presented in Table 6 
and for the first three layers of soil in Figure 5. 
Differences among the species of grasses are indicated 
by the data but these differences were not sufficiently 
great to be significant. However, differences between 
depths for a given species were highly significant. 
Since bare plots were not available for comparison on 
the grass sites, determinations of percentage increase 
in aggregation were based on the bare plot data of 
the legume site. On this basis (Fig. 5) the three 
prairie grasses increased aggregation to a depth of 9 
inches while Poa pratensis caused an increase only to 
6 inches. Increased aggregation at the other depths 
was not apparent except for Sorghastrum nutans. 

7 Analysis of variance for statistical significance treated the 


structural indices data at various soil levels as a_ split plot 
experiment. 
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PERCENT OF AGGREGATES GREATER THAN 0.25 MM. 
Fig. 5. The effects of several species of grasses and 
legumes at the end of 8 years of growth on the percent- 
age of aggregates greater than 0.25 mm. at three depths 
of Weller silt loam. 


TABLE 6. The effects of several grasses on the aggre- 
gation of Weller silt loam. 1946. 





PERCENTAGE STABLE AGGREGATES 
GREATER THAN 0.25 MM. AT 
Kind of cover - cre Aa ee ee oe ee 


9-12 12-15 





(03 | 36 | 69 | | 15-18 

inches | inches | inches inches | inches inches 

Panicum virgatum* 58.3 43.3 34.3 | 19.5 } 21.0 gore 22.7 
Sorghastrum nutans* 51.3 38.0 | 27.8 | 26.7 37.0 | 44.4 
Poa pratensis*.......| 47.7 | 35.4 | 21.3 | 24.3 | 20.9 | 28.5 
8.6 | 30.0 33.6 


Andropogon j furcatus* 47.0 45.6 27.0 | 18. 








*Mean values of mais from milacre plot replicated four times. 


In Table 7 are shown the percentages of aggre- 
gates greater than 2.0 mm. in the Weller silt loam 
under the legumes and grasses in the 0-3 inch, 3-6 
inch, and 6-9 inch soil layers. These data indicated 
the narrow differences which occurred among species 
of grasses and legumes and between grasses and 
legumes. Greater differences were noted in the 6-9 
inch soil layer with the legume, Lotus corniculatus, 
increasing the aggregates greater than 2.0 mm. at this 
depth more than any species of grass or legume. 

The percentages of aggregates greater than 0.25 
mm. in the 6 soil layers of Lindley silt loam (high 
in sand) are presented in Table 8 and Figure 6. Dif- 
ferences between the three treatments were highly 
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TABLE 7. The effects of different grasses and legumes 
on the percentage of water-stable aggregates greater than 
2.00 mm. Based on 1946 sampling for the Weller silt 
loam legume and grass sites. 























PERCENTAGE STABLE AGGREGATES 
GREATER THAN 2.00 MM. AT 
Kind of plant cover 
0-3 in. 3-6 in 6-9 in. 
Panicum virgatum....... 25.2 16.5 8.3 
Andropogon furcatus..... 25.1 19.7 8.8 
Sorghastrum nutans...... 24.9 14.8 PE 
Lotus corniculatus....... 24.6 17.9 10.1 
Pon greens... ... 2. 21.4 12.8 3.4 
Lespedeza sericea........ 20.0 15.5 7.8 
Eroded, unvegetated... . 10.3 6.1 Beg 
significant in the 0-3 and 3-6 inch soil layers as 


were differences between depths. The differences 
among treatments at all depths were significant as 
were differences between depths. The effects of the 
cover plants were thought to cause the changes in 
aggregation since the treatment x depth interaction 
was not significant. Lespedeza sericea was superior 
to Lotus corniculatus at all depths and Lotus cornicu- 
latus was limited in its effect on structure to the 
upper 9 inches. 

For a general summary of percentage increase in 
aggregates of Weller and Lindley eroded soils in 1946 
the data in Table 9 are given. One is impressed with 
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PERCENT OF AGGREGATES GREATER THAN 0.25 MM. 
Fig. 6. The effects of 2 species of legumes at the 
end of 8 years of growth on the percentage of aggre- 
gates greater than 0.25 mm. at three depths of Lindley 
silt loam (high in sand). 


Henry S. 
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TABLE 8. 
the aggregation of Lindley 
1946 


The effects of two species of legumes on 
silt loam (high in sand), 





PERCENTAGE STABLE AGGREGATES 
; GREATER THAN 0.25 MM. AT 
Kind of cover 





| 03 | 3-6 | 6-9 | 9-12 | 12-15 | 15-18 
| inches | inc che S ie inches | inches | inches | inches 
Lespedeza sericea*....| 56.1 49.7 | 47.3 33.7 | 45.9 51.6 
Lotus corniculatus*....| 54.1 42.0 | 33.1 29.8 | 38.1 | 46.5 
Bare, unvegetated*...| 23.8 21.3 23.7 31.3 37.2 36.5 
Oak-Hickory**..... | 67.8 | 54.2 | 43.6 | 36.9 | 53.7 | 58.3 











*Mean values from milacre plots in 6 blocks at first two soil aie and for 
3 blocks at remaining four soil levels. : : : 
**Included for comparison purposes, not included in statistical analyses. 


the fact that the and legumes are about 
equally effective in their crumb regeneration. Pani- 
cum virgatum and Lotus corniculatus were superior 
although Lespedeza sericea, Andropogon furcatus and 
Sorghastrum were effective. Poa pratensis 
was the least effective. The wide variation among 
the legumes on Weller and Lindley in 1941 in their 
structure forming effects has narrowed. The soils 
under the two legumes on the Lindley site have a 
greater aggregation. While in 1941 the aggregation 
of the Weller site soil had been increased to a greater 
extent. 

The increases in percentage of aggregates, greater 
than 0.25 mm. from 1942 to 1946 in Weller silt loam 
and in Lindley silt loam (high in sand) are presented 
in Table 10. The same information is illustrated in 
Figure 7 by showing the percentage of aggregates 
greater than 0.25 mm. for 1941 and 1946. These data 
showed that considerable variation existed between 
the species of cover plants in increasing aggregation 
from 1942 to 1946. The lowest rate of increase on 
the Weller soil was shown by Lotus corniculatus and 
Andropogon furcatus and the highest rate of increase 
was by Panicum virgatum, Sorghastrum nutants, and 
Lespedeza sericea. Thus on the Weller soil Lotus 
corniculatus and Andropogon furcatus had their max- 
imum rates of increase in aggregation from 1939 to 
1941 while Panicum virgatum, Sorghastrum nutans, 
and Lespedeza sericea had their maximum rates of 
increase from 1942 to 1946. On the Lindley soil the 
two species of legumes had their maximum rates of 
increase in aggregation from 1942 to 1946 with Les- 
pedeza sericea having a considerably greater rate of 
increase than did Lotus corniculatus. Although the 
rates of increase varied between the species as. to 
whether a maximum was reached in the first 3 years 
or the next 5 years, all of the species had some in- 
crease in aggregation from 1942 to 1946. The com- 
parison of the degree of aggregation in the soils 
under the two species of legumes with that of the 
aggregation in soils from uncultivated oak-hickory 
indicated that, although 8 years of occupancy by the 
legumes had caused a remarkable increase in aggre- 
gation in comparison with the eroded condition, “the 
degree of aggregation had not attained that of the 
oak-hickory soils. 


grasses 


nutans 
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The effects of several legume and grass species on increasing the percentage of aggregates >0.25 mm. 


and decreasing volume weights at three soil depths from the 1946 sampling. 





| 


>0.25 m.* 


PERCENTAGE INCREASE IN AGGREGATES 


PERCENTAGE DECREASE IN 
| ‘ VOLUME WEIGHT 








Kind of cover | Lindley silt loam | 
(high in sand) 


Weller silt loam 


Lindley silt loam 


Weller silt loam (high in sand) 








10-3 in. 3-6in. 6-9 in. | 0-3 in. 


36 in. 6-9 in. | 0-3 in. 3-6in. 6-9 in. | 0-3 in. 36 in. 6-9 in. 








Lotus corniculatus..... «| dee 119.6 97.1 | 137.0 
Lespedeza sericea....... ..| 66.9 137.3 57.8] 129.0 
Panicum virgatum...... Re | 106.0 64.1 wie 
Sorghastrum nutans........ | 70.6 72.8 33.0 
Andropogon furcatus...... 59.4 100.9 29.2 
ga) re | 47.9 60.4 is. 5 ere 














**(jrasses on Lindley site not sampled in 1946. 
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PERCENT OF AGGREGATES GREATER THAN 0.25 MM. 


Fig. 7. A comparison of the percentage of aggregates 
greater than 0.25 mm for several species of legumes and 
grasses in 1941 and 1946 at the 0-6 inch soil level for 
the Weller and Lindley soils. 


VoLuME WEIGHT 

In August of 1941 duplicate core samples were 
taken for volume weight measurements in the 0-3 
inch surface layer of the Weller legume and grass 
plots. Mean values of the volume weights of the 
soils from the 5 legume treatments are shown in 
Figure 8. While differences are apparent between 
the volume weights of the different soils under the 
Species, statistical analysis revealed that these dif- 
ferences were not significant. The percentage de- 
creases (Table 4) were relatively small for all species. 
Lotus corniculatus ranked the best for a single spe- 
cies, while the perennial mixture had the greatest 
Volume weight decrease of all treatments. 


130.0 100.0} 0.8 0.0 0.0 | 14.1 0.0 2.3 
97.0 40.0} 5.8 9.6 0.0 | 20.0 10.0 6.2 
| ins G4 80 | ** ae 
} 80 7.2 2.4 | 
0.8 7.2 y | 
| 6.2 64 4.8 | 


*Percentage increase in aggregates >0.25 mm. and percentage decrease in volume weights on a basis of bare unvegetated plots. 


TABLE 10. Changes in water-stable aggregates and 
volume weights in the surface layer of soils under vari- 
ous grasses and legumes for the period 1942 to 1946. 














Percentage 

| Percentage increase decrease 

in aggregates> in Volume 

| 0.25 mm.* weight * 

Kind of cover _— | 

| Weller |Lindley silt} Weller 

silt | loam (high silt 

| loam | in sand) loam 
Lotus corniculatus 14.6 | 16.7 0.0 
Lespedeza sericea. . | 90 | 4%8 5.0 
Andropogon furcatus.....| 25.4 | ne i 0.0 
Sorghastrum nutans......| 21.0 | 6.8 
Panicum virgatum. . . | 50.0 9.8 


*Percentage increase in aggregates >0.25 mm. and percentage decrease in 
volume weights from 1941 to 1946. 
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VOLUME WEIGHT 
Fic. 8. The volume weights of the legumes and prairie 
grasses at the end of 3 growing seasons (1939-1941) at 
the 0-3 inch soil layer of Weller silt loam. 
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The volume weight figures of Weller silt loam are 
presented in Figure 8. Large differences did not 
exist between the species nor were the differences sig- 
nificant. The same trend is indicated in Table 4 
which showed that Andropogon furcatus decreased 
volume weight more than did the other 4 prairie 
grasses. 

Consideration of grasses and legumes collectively 
showed that utilizing volume weight as a structural 
index would place the perennial legume mixture, 
Andropogon furcatus and Lotus corniculatus as the 
treatments most favorable in causing reduction in 
volume weight of eroded soils. The prairie grasses 
seemed superior to the legumes but the differences 
were small. 

In 1946 sampling for volume weight by undisturbed 
cores was extended to the 18-inch depth at 3-inch 
intervals following the same pattern as did the sam- 
pling for aggregation. A summary of all depths of 
the soils from the plots of grass and legumes on the 
Weller silt loam and for legumes on the Lindley silt 


loam (high in sand) are given in Table 11. A de- 
crease in volume weight of soils under all of the 


species of grasses and legumes was indicated to the 
6-9 inch layer for all of the species except Lotus 
corniculatus. Changes in the 6-9 inch layer and be- 
low were variable between species with several of the 
grasses showing decreased volume weights at the 
lower soil depths. Collectively the grasses were supe- 
rior to the legumes in the two upper soil layers, al- 
though Lespedeza sericea was almost equally effective. 
The differences at the first three levels of Weller silt 
loam are shown in Figure 9 and percentage decrease 
in Table 3. The data for the Lindley site in Table 
10, Table 11, and Figure 10 show that Lespedeza 
sericea caused a decrease in volume weight at all 6 
soil levels while Lotus corniculatus caused a decrease 
in volume weight only in the upper 9 inches of soil. 


TABLE 11. The effects of several species of legumes 
and grasses on volume weights of two soil types in 1946. 





| VOLUME WEIGHT AT 

















Kind of cover 
| 03 3-6 6-9 9-12 12-15 15-18 
| inches | inches | inches | inches | inches | inches 
— _ —_ | DS ee 

Weller silt loam 
Panicum virgatum* 1.06 1.17 1.15 1.29 1.23 1.35 
Sorghastrum nutans* . 1.10 1.16 1.22 1.30 1.29 1.30 
Poa pratensis* . . 1.12 1.17 1.19 1.27 1.22 1.34 
Lespedeza sericea” . . 1.13 1.13 1.27 1.24 1.24 1.39 
Lotus corniculatus* } 1.19 1.32 1.28 1.23 1.26 1.26 
Andropogon furcatus* 1.19 1.16 1.16 1.32 1.21 1.16 
Bare, unvegetated”. . 1.20 1.25 1.25 1.27 1.26 1.32 
Oak-Hickory**... 0.93 1.10 1.21 1.16 1.22 1.16 

Lindley silt loam (high in sand) 

| | | 
Lespedeza sericea* . 1.08 | 1.17 | 1.21 1.15 | 1.26 | 1.24 
Lotus corniculatus* 1.16 | 1.32 | 1.26 | 1.29 | 1.82 | 1.32 
Bare, unvegetated”*. 1.35 1.30 | 1.29 1.30 1.37 1.46 
Oak-Hickory**... . 0.84 1.19 1.37 1.37 1.28 1.28 














*Mean values of duplicate cores in each milacre plot at first two soil levels and 
one core at remaining four soi! levels per plot. 
**Taken for comparison only on a separate site. 
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That Lespedeza sericea was superior to Lotus cornicu- 
latus in the 0-3 inch, 3-6 inch, and 6-9 inch soil layers 
is further shown graphically in Figure 10. 
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VOLUME WEIGHT 
Fie. 9. The volume weights of the legumes and grasses 
at the end of 8 growing seasons at 3 different depths of 
Weller silt loam. 


Oo 





An evaluation of volume weight changes from 1941 
to 1946 at the 0-3 inch level was based on the Weller 
site plots. The percentage decrease in volume weight 
from 1942 to 1946 is shown in Table 10. Of the 5 
species Lespedeza sericea, Sorghastrum nutans, and 
Panicum virgatum decreased the volume weight in the 
5-year period while Lotus corniculatus and Andro- 
pogon furcatus produced no change. Contrasting the 
legumes and grasses with the uncultivated oak-hickory 
on Weller silt loam in Table 11 disclosed that these 
plants have not decreased volume weight to the same 
values as were found in the oak-hickory at the first 
two soil levels, but at the 6-9 inch level several of the 
grasses decreased volume weight to the same extent 
as in the oak-hickory. The Lindley data demonstrated 
the same trend as those mentioned for the Weller site. 
Any differences from 9 to 18 inches were probably 
sampling differences and not attributable to treatment. 


DEGREE OF PERMEABILITY 
Permeability constants were determined on all core 
samples obtained for volume weight measurements 
in 1946. The effect of the species of legumes on the 
permeability of Weller silt loam at all depths 1s 








April, 1949 


o-3, 


Inmycwu Sore LEVEL 






















Lotus CORNICULATUS 


BaRc 


SS, trucuSer Lever 


OaKk- Hic KORY 


i<' 


LoTrus CORNICULATUS 


Barc 





S-9, Iucw Soir LEveL 


- Hickory 
ESPLOE ZA SECRICEA 


Lorus CORNICULATUS 


L 
VOLUME WEIGHT 
Fic. 10. The volume weights of the 2 legumes at the 
end of 8 growing seasons at 3 different depths of Lind- 
ley silt loam (high in sand). 
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shown in Table 12 and in Figure 11 for the upper 
three layers of soil. Lotus corniculatus increased the 
permeability rate to twice that of soil in the Les- 
pedeza sericea plots in the upper 6 inches. Each of 
the legumes increased permeability in comparison with 
the bare plots in the first two soil layers. However, 
none of the legumes increased permeability to a de- 
gree comparable to the oak-hickory forest condition 
to a depth greater than 3 inches. The statistical 
analysis showed highly significant differences for spe- 
cies and between depths at the 0-3 inch and 3-6 inch 
soil levels. Treatment effects were highly significant 
at all depths and were highly significant between 
depths. The significant depth x species interaction 
for the upper two layers and for all depths indicated 
a soil difference between these layers independent 
of the effects among species. 

The effects of the 4 grasses on permeability of 
the Weller silt loam are given in Table 13 for all 
depths and for the first three levels of Figure 11. 


TABLE 12. The effect of two species of legumes on 
the degree of permeability of Weller silt loam and re- 
sults of analysis of variance. 1946. 





PERMEABILITY IN MI /MIN/CM. HEAD AT 














Kind of cover vw | 
0-3 3-6 6-9 | 9-12 | 12-15 | 15-18 
inches | inches | inches | inches | inches | inches 
Lotus corniculatus*....| 20.0 | 6.9 2.5 | 3.8 2.5 2.3 
Lespedeza sericea*....| 10.0 3.1 2.1 | 2.5 22 7 
Bare, unvegetated*. . 0.8 2:2 a2 | 23 3.2 2.6 
Oak-Hickory**.......| 18.0 | 23.0 | 10.4 | 9.0 8.6 4.3 


a 








‘ *Mean values of duplicate cores at first two soil levels and single cores at the 
our other soil levels in milacre plots from 6 randomized blocks. 
“For comparison only, not included in statistical analysis. 
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PERMEABILITY (ML/MIN/CM. HEAD) 
Fic. 11. The effects of the various species of grasses 
and legumes on the permeability of Weller silt loam at 
3 different depths in 1946. 





Utilizing the bare plot permeability figures of the 
Weller legume site as a basis of comparison, the 4 
grasses increased permeability in the upper 9 inches. 
Differences were apparent among species, but they 
were significant only among species at all depths 
while differences at the first two soil depths were not 
significant. Highly significant differences were ex- 
hibited among the species between depths. The sig- 
nificant depth x species interaction for all depths 
showed inherent soil differences between soil layers 


TABLE 13. The effects of several grasses on the de- 
gree of permeability of Weller silt loam and results of 
analysis of variance. 1946. 





PERMEABILITY IN ML/MIN/CM. HEAD AT 


Kind of cover a | 


12-15 | 15-18 














0-3 3-6 | 69 | 9-12 
inches | inches | inches | inches inches | inches 
Andropogon furcatus*. | 13.1 | 23.3 4.1 | 3.1 3.0 1.2 
Poa pratensis*.......] 12.0 | 13.6 | 5.9 1.9 2.3 0.6 
Sorghastrum nutans* . . 8.9 | 11.4 | 8.5 2.3 3.1 3.2 
Panicum virgatum*. . 8.7 | 11.3 | 3.3 | sa | £8 1 8.1 
Bare, unvegetated**. 0:8 | 2.32 2.3 | 2.2 | 3.2 | 2.6 





*Mean values of duplicate cores at first two soil levels and single cores at the 
four other soil levels in milacre plots replicated 5 times 
**Data from the legume site for comparison only; not included in the statistical 
analysis. 
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in rates of permeability independent of effects of the 
species. 

In Table 14 and in Figure 12 are presented the 
permeability constants for the Lindley silt loam (high 
in sand). The two leguminous species increased the 
rate of permeability above the rate of permeability 
of the bare plots to a depth of 6 inches with only 
the Lotus corniculatus producing an increase at 6-9 
inches. The species and depth differences were 
highly significant, but the highly significant depth x 
species interaction did not permit a separation of 
effect of species and inherent differences in the soil 
between depths. Lotus corniculatus elevated the rate 
of permeability much higher than did Lespedeza 
sericea. Comparison of*the rates of permeability of 
the soils of the legume plots with the rate of perme- 
ability of the soils of the oak-hickory site at 0-3 
inches and 3-6 inches demonstrated that 8 years of 
legume covers had not increased the rates of permea- 
bility to the high value of the soils of uncultivated 
oak-hickory sites. At the lower depths the oak- 
hickory cover did not appear to affect the rate of 
permeability as compared to the rate of permeability 
at the lower depths of the eroded soils. It is probable 
that these rates of permeability at the lower depths 
are dependent on the soil properties. 
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PERMEABILI1Y (ML/MIN/CM. HEAD) 
Fig. 12. The effects of 2 species of legumes on the 
permeability of Lindley silt loam (high in sand) at 
three different depths in 1946. 


CHARACTERISTICS OF VEGETATION 


The differences in nature and degree of reaction on 
the soils between grasses and legumes and among 


Henry S. Warp, Jr. 
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the species of the fwo groups made it desirable that 
certain characteristics of the plants thought to be 
associated with their reaction on soil structure be 
measured. These studies were made in the autumn 
of 1946 on the cover plants being studied in 1946 but 
did not include all of the species in the 1941 experi- 
ments. The plants studied were Lotus corniculatus, 
Lespedeza Andropogon furcatus, Panicum 
virgatum, Sorghastrum nutans, and uncultivated oak- 
hickory. 


sericea 


SpaTiAL RELATIONS OF SPECIES 
The basal areas in percent and number of plants 
in 1/4,000 acre quadrats are presented in Table 15, 


TABLE 14. The effects of two species of legumes on 
the degree of permeability of Lindley silt loam (high in 
sand) and results of analysis of varianee. 1946. 





PERMEABILITY IN ML/MIN/CM. HEAD AT 


Kind of cover _ a : | 
03 3-6 6-9 9-12 | 12-15 | 15-18 
inches | inches | inches | inches | inches | inches 
Lotus corniculatus* . 15.3 4.4 3.4 1.9 2.4 1.6 
Lespedeza sericea*....| 9.6 | 4.9 2.8 2.6 | 1.9 2.3 
Bare, unvegetated*. 0.9 | 2.0 2.8 17 | 2.2 2.0 
Oak-Hickory**...... | 50.0 11.6 2.7 1.9 | 3.0 2.5 
| | | 














*Mean values of duplicate cores at first two soil levels and single cores values 
at the four other soil levels in milacre plots from six randomized blocks. 
**For comparison only, not included in statisticla analysis. 


Panicum virgatum and Sorghastrum nutans had the 
highest basal areas among the grasses and Lotus 
corniculatus had a higher basal area than did Les- 
pedeza sericea. No attempt was niade to determine 
the number of individual plants of Poa pratensis. 
Although it had a lower basal area chan Panicum 
virgatum and Sorghastrum nutans, its higher degree 
of dispersion tended to increase its coverage and soil 
holding properties above those indicated by basal area 
alone. Examination of the number of plants per 
quadrat showed that Lespedeza sericea and Panicum 
virgatum had the largest number of plants other 
than the units of Poa pratensis. Combining a high 
basal area and large number of plants, Panicum 
virgatum contributed the best surface coverage other 
than Poa pratensis. Lespedeza sericea with a lower 
basal area than Lotus corniculatus but with a larger 
number of plants made the two legumes about equai 
in terms of coverage. However, the more procum- 
bent life form of Lotus corniculatus as compared 
with the upright single stems of Lespedeza sericea 
gave the Lotus corniculatus a better and closer con- 
tact with the soil surface. The basal condition and 
growth habits of the two legumes are shown in Fig- 
ures 13 and 14. The luxuriant top growth and high 
degree of coverage of Andropogon fucratus is illus- 
trated along with its scattered bunch grass habit in 
Figure 15. Sorghastrum nutants had the same char- 
acteristics while Panicum virgatum had more stems 
with somewhat less bunching than did Andropogon 





furcatus. 
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TaBLE 15. Average yields of tops and roots, basal area, and number of plants of the legumes and grasses in 
October, 1946. 





























| DRY MATTER IN POUNDS PER ACRE 
Kind of plant cover | | Roots 
Number | — Se Se 
Basal of | Tops | 0-3 3-6 6-9 | 9-12 | 12-15 15 5- 18 Total 
area* | plants**) *** | inches | inches | inches | inches | inches | inches | roots 
SO iain a Pe et ee ne — = —- ma = t ie = —s 
Weller silt loam 
| | | | | | 
Lotus corniculatus.......... 8.9 | 40 | 3,957 | 2,311 415 | = 7 | 98 | 50 | 42 3,073 
Lespedeza sericea........... 5.4 | 64 | 10,609 | 2,047 567 155 57 | 51 | 30 2,927 
Andropogon furcatus........ 65 | 28 | 8:980'| 7,362 | 3,120 | 1,285 584 | 409 | 584 | 13,344 
Panicum virgatum......... 10.4 | 56 | 10,187 | 6,030 | 1,507 "642 | 281 117 | 736 9,319 
Sorghastrum nutans......... 9.5 24 | 9,529 | 6,779 | 1,875 750 | 581 | 293 234 | 10,522 
| ae ie re 5,453 | 5,400 655 | 386 | 269 | 269 234 7,213 
: ; tothe pen ceeal | ai sc | 
Lindley silt loam (high in sand) 
| | 
Lotus corniculatus.......... | ae | .- | 5,206 | 2,101 299 | 80 | 30 33 33 2,497 
Lespedeza sericea........... we | a 4 7,888 | 1,365 | 303 | 109 68 71 45 1,961 
es a ae | a a 4,224 | 3,041 | 852 | 2,556 | 3,742 | 3,806 | 1,175 | 15,172 
*Expressed in percentages of cover at the surface of the soil. 
**Based on counts made in 1/4,000 acre quadrats. 
***Clipped quadrats from 1/16,000 acre. 
QuanTITY OF PLANT MATERIAL acre at 3-inch intervals to a depth of 18 inches is 


shown in Table 15. The same trends mentioned above 
are exhibited by these data. The main point of 
emphasis was the presence of large quantities of 
underground materials of the prairie grasses which 
were far greater than those of Poa pratensis and of 
the two legumes cn a dry weight basis. The two 
legume species had higher total root yields in the 
Weller silt loam than in the Lindley silt loam (high 
in sand). Although comparisons on the same soil 
type were possible only with the two legume species, 
the yield of oak-hickory roots in the upper 9 inches 
was less than that of the prairie grasses but similar 
to that of legumes. The high values of roots for the 
oak-hickory at the lower depth did not reflect a _ 
number of roots but rather were indicative of a few 
large-sized woody roots. 

Portions of root systems of Andropogon furcatus, 


The quantity of tops per acre for the four grasses 
and two legumes on the Weller site, and for the two 
legumes and oak-hickory leaf fall on the Lindley 
site are given in Table 15. Lespedeza sericea was 
the high yielding legume on both sites. Lotus cor- 
niculatus produced more tops on the Lindley site than 
on the Weller site and Lespedeza sericea gave the 
highest yield on the Weller site. The lower yield of 
the Lotus corniculatus on the Weller site was partially 
due to heavy 17-year locust injury. Leaf fall in a 
young stand of oak-hickory in 1946 was not as high 
as the quantities of above ground materials of the 
two legumes on the same type of soil. 

The mean values of dry weights and volumes of 
roots from the cylinder samples and soil block sam- 
ples of the legumes and grasses on the Weller site 
are given in Table 16. The data from Table 16 show 
the differences at 3-inch intervals to a depth of 9 Sorghastrum nutans, and Panicum virgatum from 
inches. Sorghastrum nutans and Andropogon fur- 6 xX 6 x 18-inch soil blocks are shown in Figure 16. 
catus gave the largest yields with smaller differences These pictures illustrate the profuse branching of 
noted asmong the two legumes and the other two the prairie grass roots throughout the 18 inches. 
grass species. Poa pratensis with a lower dry weight Andropogon furcatus had the largest quantity of 
had a higher volume than several of the grasses roots (see Table 15) with extensive branching at all 
which was indicative of its numerous fine roots and depths. Comparable block samples of the root sys- 
profuse branching in the first 6 inches. Lotus corni- tems of the two leguminous species and of Poa 
culatus showed the same trend as Poa pratensis by pratensis are shown in Figure 17. The greatest con- 
having a high volume in proportion to its dry weight. centration of roots of Poa pratensis in the upper 3 
However, when volume figures of entire root systems inches is clearly illustrated, although it had some 
of the soil blocks are examined the smaller quantity roots at the lower depths. Of the two legumes Lotus 
of root material at the lower depths of Lotus corni- corniculatus had more roots with greater branching 
culatus and Poa pratensis give these plants lower in the upper 6 inches than did Lespedeza sericea, a 
total volumes in proportion to their dry weights than fact that is more clearly brought out in the picture 
was obtained for the upper 6 inches. than on a dry weight basis comparison of the two 

The quantity of dry matter of roots produced per species (see Table 19). 
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Fig. 13. 


The above ground growth (upper) and 
single crown at the soil level (lower) of Lotus cornicula- 


tus. Notice complete coverage of tops but small degree 
of occupancy at the soil level. 
Rate OF DECOMPOSITION OF PLANT MATERIAL 

Mean values of the amount of carbon dioxide 
evolved, for the incubation period of 23 days, by 
the tops and roots of the various plants are pre- 
sented in Table 17. Since the larger amounts of 
carbon dioxide are indicative of plant materials which 
decompose at a more rapid rate, the two legumes 
and Poa pratensis had the more rapidly decomposing 
tops while the prairie grasses and oak-hickory leaves 
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ae al en ae Ee a Lo 
The above ground growth (upper) and scat- 
tered bunches at the soil level (lower) of Lespedeza 
sericea. Contrast with Fig. 13 noting the scattered 
smaller bunches giving a higher degree of occupancy here 
while Lotus corniculatus had but a few large crowns. 


Fig. 14. 


had comparable and slower rates of decomposition. 
Roots of all of the plant materials except Sorghas- 
trum nutans decomposed at a slower rate than did 
their above ground plant parts. Andropogon fur- 
catus and Lotus corniculatus had roots most resistant 
to decomposition. The surface roots of the oak- 
hickory cover had a surprisingly high rate of decom- 
position. A graphical presentation of carbon dioxide 
evolution, at given intervals for 20 days, of the tops 
and roots for each plant material is shown in Figure 
18. These graphs illustrate the small variation be- 
tween the rate of decomposition of the tops and roots 
of the prairie grasses and the greater variation be- 
tween the rate of decomposition of tops and roots of 
Poa pratensis and the two species of legumes. An 
interesting fact was that the peaks of carbon dioxide 
evolution were reached on the first day for the grasses 
and on the second day for the legumes. Oak-hickory 
leaves follow the grass pattern of decomposition and 
oak-hickory surface roots the legume pattern. 
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Fig. 15. 
tered bunches (lower) of Andropogon furcatus in 1946. 


The above ground growth (upper) and scat- 


DISCUSSION 
Maintenance of the granular or crumb type of soil 
structure is necessary in order to have a physical 
condition suitable for plant growth and conducive to 
soil conservation. For this reason research on soil 
structure has been increasingly emphasized. Plants 
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The root systems of 3 prairie grasses from 
Andropogon furcatus (upper 
Panicum virgatum (upper right), and Sorghastrum 
The seale at left is in inches. 


Fig. 16. 
soil bloeks 6 x 6 x 18 in. 


left), 
nutans (lower). 


TABLE 16. Comparison of root data from means val- 
ues of steel cylinder samples and single values of 6 x 6 
x 18 in. soil block samples of various species of grasses 


and legumes. All samples taken in October, 1946. 





Roors IN CYLINDER OF 589 cU. CMs. 
Roots in soil 


Species of block of 17,187 


plant Dry wt. in gms Vol. in cu. ems. eu. ems. 0-18 in. 
0-3 3-6 6-9 0-3 3-6 6-9 | Dry wt. | Volume 
In In. in. In. in. In. in gms In ec. 
Lotus 
corniculatus | 8.24 | 1.48 | 0.56 | 20.0 4.0 2.0 30.5 70.0 
Lespedeza 
sericea 6.76 1.87 | 0.51 10.0 2.0 1.0 40.3 61.0 
Andropogon 
furcatus 30.00 | 2.67 1.10 | 65.0 18.0 16.0 | 218.2 799.0 
Sorghastrum 
nutans 11.60 | 2.14 | 0.65 | 20.0 4.0 2.0 84.5 220.0 
Poa 
pratensis 8.6 1.56 | 0.33 | 30.0 6.0 1.5 24.1 105.0 
Panicum 
virgatum 8.6 2.58 | 1.10 | 15.0 7.0 6.0 49.2 130.0 


constitute one of the principal factors in the forma- 
tion of granular soil structure. It is generally thought 
that perennial grasses and, to a lesser extent, legumes 
are effective in granular soil structural formation. 
Therefore, the inclusion of perennial grasses and 
legumes in the management program of eroded soils 














The root systems of Poa pratensis, Lotus 


Fie. 17. 
corniculatus, and Lespedeza sericea from soil blocks 6 x 


6 x 18 in. 
tus (upper right), and Lespedeza sericea (lower). 
seale at left is in inches. 


Poa pratensis (upper left), Lotus cornicula- 


The 


TABLE 17. The rate of decomposition of tops and 
roots of the several plant residues on a basis of total 
milligrams of carbon dioxide evolved for 23 days. 





Total milligrams of 
CO. evolved 





Kind of plant residue 


Tops Roots 
Poa pratensis . SE sind 51.4 33.5 
Lotus corniculatus..... wes 45.5 30.5 
Lespedeza sericea ye 37.9 35.9 
Panicum virgatum ; 34.5 34.3 
Andropogon jurcatus.. . i: 29.8 31.0 
Oak-Hickory... 30.3 36.4 
Sorghastrum nutans 31.1 37.7 


has become common practice in most soil conservation 
prograns. 

Several ecological] studies (Aikman & MeDermott 
1943, Boyd 1942, and Brewer 1947) at the Floris 
station on the adaptation of grasses and legumes had 
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shown that many of the prairie grasses and several of 
the legumes were suitable for cover plants on the 
eroded soils. Other research (Warner 1945) had 
established the fact that secondary plant successional 
communities improved the structural conditions of 
the eroded With this research as a_back- 
ground, studies were initiated on the structure-form- 
ing effects of the adapted species of legumes and 
prairie grasses on the eroded soils of the station and 
on certain characteristics of these legumes and grasses 
associated with modification of soil structure. In the 
measurement of the soil and plant characteristics the 
experimental design of the milacre plots and an ex- 
tensive sampling program were depended on to over- 
come the high variability within the approximate one 
acre of experimental plots. This experimental plan, 
adjusted to special statistical analysis, permitted a 
far better interpretation of the data than otherwise 
would have been possible. 


soils. 


VARIATION IN EFFECTS OF PLANT SPECIES 
oN Sort STRUCTURE 


In 1941, differences among species of legumes and 
prairie grasses on soil structure in the 0-6 inch soil 
layer were a function of soil type and method of 
soil structure measurement. Highly significant dif- 
ferences were shown among species of legumes and 
prairie grasses in their effects on the structure of 
Weller silt loam as measured by the percentage of 
aggregates greater than 0.25 mm. On the same soil 
type differences as measured by volume weight were 
not significant. The differences were not significant 
among the species of legumes and prairie grasses in 
percentage of aggregates greater than 0.25 mm of 
the Lindley silt loam (high in sand). One of the 
possible explanations for the variability between the 
two structural indices on the Weller soil was that 
the two methods were evaluating different properties 
of soil structure. Another explanation was that the 
lack of significant differences in volume weights might 
possibly be attributed to the high experimental error 
between core samples within a plot. 

Although the aggregation and the volume weight 
methods did not rank the species of legumes and 
prairie grasses in the same order but in all cases 
ranked the least improving species last in the series, 
a grouping of species was thought possible for each 
soil type. The superior treatments of legumes on 
both the Weller and Lindley soils were the mixture 
of perennial legumes and Lotus corniculatus. Inter- 
mediate in causing changes in soil structure were 
Lespedeza sericea and Lespedeza stipulacea and least 
effective was Lespedeza capitata. The outstanding 
legume treatments on the alluvial soil were the mix- 
ture of perennial legumes and Lespedeza stipulacea. 
The better species of prairie grasses on the Weller 
soil were Andropogon furcatus and Sporobolus asper 
and on the Lindley soil were Sporobolus asper and 
Sorghastrum nutans. Panicum virgatum was inter- 
mediate in its soil restoration effects while Bouteloua 


gracilis was the least effective. 
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tops and roots for several plant materials. 


Based on the degree of aggregation and volume 
weights of the 1941 data of the Weller silt loam a 
consideration of the species of legumes and prairie 
collectively established the fact that the 
nguninons species were highly superior to the prairie 
grasses. Volume weight measurements were not made 
on the Lindley silt loam (high in sand) but differ- 
ences between legumes and prairie grasses on the 
basis of degree of aggregation showed that the prairie 
grasses were more effective than were the legumes. 
However, the differences were not sat as those 
found between legumes and prairie grasses on the 
Weller soil. 

Correlations were made on the three methods of 
soil structure measurement utilized to evaluate the 
effects of the grasses and legumes on soil structure 

1946. All were statistically significant and show 
a relationship among the three methods of evaluating 
soil structure. As was pointed out in the ranking 
of the species in order of their structural restoration 
effectiveness in 1941, the species were ranked in a 
different order by a different structure index but 
only within a group, that is, a species ranked by one 
structure index as being in the superior group would 


grasses 


as gre 


LEGUMES AND GRASSES 165 












































8 
OaK-HicKoryr 

esr 
ii] 
74 
0 
| g Roors 
Yo 2 
J Tors 
o 
0° | | | | | | | l | 
u 
2 
3 i 
0 LOTUS CORNICULATUS 
v Sr 
0 
U 
k 4+ 
0 sg Tors 
v) 
> e 
q _ £ 
5° l 
3 
= 
> Sa) 

LESPEDEZA SERICEA 
ce 
4 
Tors 
2 _—— 
Roots —_— 
© | J | | il l | | 
fo) 2] 4 S rc 10 Im 14 IS 1s 20 
INCUBATION Time in: Davrs 


The amount of carbon dioxide evolved at certain intervals for an incubation period of 20 days by the 


not be ranked as intermediate by another structure 
index. It is thought that these correlations justified 
the recognition of some arrangement of species in 
such groups. 

From the 1946 data it was possible to evaluate by 
the three structure indices the effects of the grasses 
and legumes on the soil structure conditions at 3-inch 
intervals to a depth of 18 inches. In a given layer 
of soil, while distinct differences could still be dis- 
tinguished among species of legumes and grasses, the 
wide variability noted in 1941 was not apparent. Dif- 
the legumes and the grasses and 


ferences between 


between their reactions on soil types. were not 
evident. 
At the end of 8 years of oceupaney (1946) dif- 


ferences between the two species of legumes in their 
effects on aggregates greater than 0.25 mm. (Tables 
5 and 8) and degree of permeability (Tables 12 and 
14) significant in both the Weller and 
Lindley The two species were equally 
effective in restoration of soil structure conditions 
in both soil types while at the end of 3 years (1941) 
restoration had been more pronounced in the Weller 
Differences among species of 


were highly 
soil types. 


soil (Tables 4 and 2) 











166 Henry § 


grasses in their effects on aggregates greater than 
0.25 mm. (Table 6) and degree of permeability 
(Table 13) were not significant, but enough variabil- 
ity prevailed to enable one to distinguish differences 
among the species. The effects of both grasses and 
legumes on aggregates greater than 2.00 mm. in the 
Weller soil in Table 7 showed that small differences 
separated the species. The differences among species 
of grasses and legumes in their effects on volume 
weight of the soils (Table 11) in 1946 were small 
and indicative of the lack of significant differences 
among species found in 1941. 

With some exceptions, in 1946 the three structural 
indices ranked the species in approximately the same 
order in their effectiveness of soil structure restora- 
tion. On the Weller silt loam differences between 
the two species of legumes showed that Lotus cornicu- 
latus was the better species while on the Lindley silt 
loam (high in sand) Lespedeza sericea was the out- 
standing species. On the Weller soil, where both the 
effects of legumes and grasses had been evaluated, the 
superior species were Panicum virgatum, Lotus cor- 
niculatus, and Lespedeza sericea. Sorghastrum nutans 
and Anodropogon furcatus were intermediate and 
Poa pratensis was the least effective. 

Comparison of the mean values of aggregation, 
permeability, and volume weight of the soils under 
the cover plants with the soils of the bare plots at 
the various depths showed, from statistical analyses 
of the data, that only the degree of aggregation was 
entirely attributable to the plant effects alone. In 
the case of the permeability data the significant depth 
x treatment interaction made it impossible to show 
that changes in permeability could be attributed en- 
tirely to the effects of the plants. Differences among 
species at the various depths in their effects on the 
structural indices was significant between the two 
species of legumes, but no significant differences were 
shown among the species of grasses. Differences be- 
tween depths for a particular species of grass and 
legume were highly significant. The degree of aggre- 
gation data indicated that both grasses and legumes 
were effective in increasing aggregation to a depth of 
9 inches and that the grasses were the more effective. 
On the basis of permeability and volume weight data 
only the prairie grasses had an effect on the structure 
of the soils at a depth of 9 inches while the legumes 
and Poa pratensis were limited in their effects to the 
upper 6 inches of soil. On the Lindley silt loam 
(high in sand) volume weight measurements showed 
that Lespedeza sericea had an effect on this structure 
index to a depth of 18 inches. 

From the above discussion it seems evident that 
differences existed among species of grasses and 
legumes in their soil restoration effects. Considering 
both the 1941 and 1946 data, the varying degrees of 
difference among species was a function of soil type, 
method of measuring soil structure, and time of 
occupancy. The highly significant differences among 
species in their effects on soil aggregation at the end 
of 3 years of occupancy were in agreement with the 
findings of Martin (1944). The superiority of the 
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legumes over the grasses in the initial 3-year period 
on the Weller soil was contrary to the results of 
Martin (1944) and Wilson and Browning (1946) and 
other workers who found grasses more effective than 
legumes but was in agreement with Myers and Myers 
(1944). 

The lack of significant differences in volume weights 
in 1941 and 1946 were in agreement with the results 
of McHenry and Newell (1947). The failure to estab- 
lish statistically significant differences among species 
of grasses as evaluated by degree of aggregation at 
the end of 8 years was in agreement with the results 
of Feng,® on grasses after 5 years of occupancy but 
contrary to the findings of McHenry and Newell 
(1947) on perennial grasses after 7 years of ocecu- 
pancy. The effects of the grasses and legumes on 
soil structure at depths of 6 and 9 inches, on the 
basis of three methods of structure measurement, were 
in accord with several workers (Li and co-workers 
1942 and Stauffer and co-workers 1940) but contrary 
to the results of MeHenry and Newell (1947) who 
found that perennial grasses improved aggregation 
in the 11-13 inch soil layer. 

CORRELATION OF CHANGES IN SorL STRUCTURE 

WITH CERTAIN PLANT CHARACTERISTICS 

To aid in a better understanding of the degree of 
association of the soil structure with above and below 
ground characteristics of the cover plants, coefficients 
of correlation were determined between the structure 
indices and plant characteristics. For the degree of 
association in the 0-3 inch layer of soil, data from 
the three methods of measurement of soil structure 
were correlated with the properties of roots at 0-3 
inches and the above ground plant parts. In the 3-6 
inch soil layer correlations were made between the 
three methods and root characteristics at 3-6 inches. 

The correlation of 0.66 between aggregates greater 
than 0.25 mm. and quantity of tops indicates some 
degree of relation between water-stable aggregates in 
the surface 3 inches of soil and this plant property. 
Comparison of the degree of aggregation with the 
top yields of individual species of grasses and legumes 
shows that a closer relation exists between degree of 
aggregation and top yields of the grasses than be- 
tween degree of aggregation and top yields of the 
legumes. Lotus corniculatus, one of the superior 
cover plants in causing an increase in aggregation, 
has the lowest quantity of above ground material. 
The lack of a significant correlation between degree 
of aggregation and quantity of tops suggests that 
other characteristics of the plants may be associated 
with aggregate formation. 

A closer relation was found between volume weight 
and quantity of tops as shown by the significant cor- 
relation of 0.73. The very low non-significant cor- 
relation of 0.24 between degree of permeability and 
quantity of tops is indicative that the degree of 
permeability is not a function of the magnitude of 
above ground plant material. 

The significant correlation of 0.71 between aggre- 
gates greater than 0.25 and rate of decomposition of 
8'Op. cit. 
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tops in the 0-3 inch soil layer shows a close relation 
exists between aggregation and this plant property. 
This is a much better association than was found 
between aggregation and quantity of tops. The high 
degree of aggregation of Lotus corniculatus, Lespe- 
deza sericea, and Panicum virgatum are closely re- 
lated to their rates of top decomposition. Although 
correlations were not run between volume weight and 
rates of decomposition, comparison of these two val- 
ues of respective species of cover plants shows a 
similar association. No such relationship could be 
shown between permeability and rates of decom- 
position. 

The low non-significant correlations found between 
degree of aggregation and quantity, volume, and 
rates of decomposition of roots in the 0-3 inch soil 
layer show that no relation could be established be- 
tween aggregation and root characteristics in the 
surface 3 inches of soil. Therefore, modification of 
aggregation in the surface 3 inches of soil was more 
closely related to the properties of the above ground 
portions of plants than to those of the roots. Com- 
parison of volume weight with root characteristies in 
the surface 3 inches of soil showed the same lack of 
relation as did the permeability and root comparisons. 
It could be established that the same close relation 
between aggregation in the 0-3 inch layer and char- 
acteristics of the above ground plant portions was 
equally applicable to volume weight but, on the basis 
of our data, differences in permeability in this layer 
could not be related to any of the characteristics of 
the plants. 

In the 3-6 inch soil layer there was a correlation 
of 0.64 between aggregation and volume weight and 
quantity and volume of roots. <A highly significant 
correlation of 0.93 was obtained between rate of 
permeability and quantity of roots at 3-6 inches. This 
close relation is a reflection of the effects of the roots 
in opening up the soil by root channels and improving 
aggregation which increases the macro pore spaces. 
Although the negative correlations of 0.57 and 0.65 
between aggregates greater than 0.25 mm. and aggre- 
gates greater than 2.00 mm. with rate of decom- 
position of the roots at the 3-6 inch soil layer were not 
significant, it is thought that the inference can be 
made that cover plants whose roots have the slower 
rates of decay are associated with a higher degree 
of aggregation in the soil. This is substantiated by 
the close relation of the superior effects of Lotus 
corniculatus, virgatum, and Andropogon 
furcatus in inereasing aggregation and their slow 
rates of root decomposition. This indicates the prob- 
ability that the larger aggregates are held by root 
binding which has been suggested by Hubbel and 
Chapman (1946) as contrasted with the smaller aggre- 
gates which they believed were held together by the 
secretion products of microorganisms. 

Comparison of the top yields of the prairie grasses 
with those obtained by Weaver and Harmon (1935) 
in Nebraska showed that the yields under our con- 
ditions of soil and climate were nearly twice those 
found in Nebraska. Similar high yields for prairie 
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grasses in other years were found at the Floris sta- 
tion by Boyd (1942) and Aikman and McDermott 
(1943). Top yields of Lotus corniculatus were very 
close to those obtained by MacDonald (1946) on eroded 
soils in New York state. Lespedeza sericea gave top 
yields somewhat higher than those found by Pieters 
(1939). The above ground dry matter production of 
Pou pratensis was in agreement with the yields re- 
ported by Brown (1943). Willard and McClure 
(1932), and Warner (1945). 

The yield of below ground materials of prairie 
grasses in the eroded gray-brown podzolies soils of 
the station were in close agreement with those found 
by Weaver and Harmon (1935) in Nebraska in the 
prairie. The quantity of underground material of 
Poa pratensis of our experimental data was somewhat 
higher than that of Weaver and Harmon (1935) in 
Nebraska and Brown (1943) in Missouri but approxi- 
mately equal to that found by Willard and McClure 
(1932) in Ohio. The yield of roots of Lespedeza 
sericea of approximately 3,000 pounds per acre ob- 
tained at Floris were comparable to the yields found 
for the roots of this species by Pieters (1939). 

Comparison of the rates of decomposition obtained 
in this study can be made with few similar studies. 
No comparable work has been done with Lotus cor- 
niculatus and Weaver (1947) 
showed that Poa pratensis and Panicum virgatum 


Lespedeza sericea. 


decomposed at a more rapid rate than Andropogon 
furcatus. This is in agreement with the results in 
this study. The slower rate of decomposition of the 
roots of the legume, Lotus corniculatus, is somewhat 
contrary to expectation as legumes usually have a 
more narrow C:N ratio than do grasses. However, 
Doughty (1941) found that alfalfa roots decayed at 
a slower rate than did brome and crested wheat grass. 

It appears that conclusive interpretations of the 
effects on soil structure of a particular species with 
quantity and rate of decomposition of above and be- 
low ground materials of the plant is not possible. 
The failure to achieve higher coefficients of correlation 
may be partly explained by the slight differences in 
the soil structure under the various species at the 
end of 8 years. This may indicate that each of the 
species was almost equally effective in its structure- 
forming effects irrespective of differences in specific 
plant characteristics. Despite the contradictory re- 
sults it is thought that certain inferences are plausi- 
ble. The structure of the surface 3 inches of soil 
seems to be more closely related to specific character- 
istics of the above ground parts of the plant than 
the 3-6 inch 
structural 
Tops 


to variations in root properties. In 
layer of the soil close associations of 
changes and root characteristics are apparent. 
of plants with rapid decomposition seem to be asso- 
ciated with a higher degree of structural change in 
the 0-3 inch surface layer of soil. In the case of 
roots, however, the better structure seems to be in- 
duced by the plant whose roots have a slow rate of 
decay. This is indicative of root binding effects in 
the formation of the larger size classes of aggregates. 
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INTERRELATIONS OF PLANT SPECIES, 
Som STRUCTURE, AND TIME 


The comparison of structure of the soils of the bare 
plots with those of the cover plant plots in 1941 was 
made the basis of the degree of soil structure change 
by the cover plants since their establishment in 1939. 
One cannot be certain that the structure of the soils 
in the bare plots were the same as they were in 1939. 
However, it was thought that the differences between 
the structure of the soils of the cover plant plots 
and bare plots could be interpreted as changes in soil 
structure as a result of the effects of the cover plants 
during their 3 years of occupancy. Since certain 
conditions of soil structure in the plots of the cover 
plants had been definitely determined in 1941, the 
degree of change in the period from 1942 to 1946 
could be fixed by a comparison with the measurements 
of soil structure made in the same plots in 1946. 
Thus one could evaluate the effects of the cover plants 
on soil structure in 3-year, 5-year, and 8-year periods 
of time. Furthermore, by comparing certain condi- 
tions of soil structure of the cover plant plots at the 
end of the 8-year period with those of the soils of 
the uncultivated oak-hickory, some information of the 
time required for the completion of the structure- 
forming effects of cover plants on eroded soils could 
be obtained. 

An examination of Tables 4 and 10 show the 
changes in soil structure from 1939 to 1941 and from 
1942 to 1946. On the basis of increased aggregation 
and decreased volume weight of Weller silt loam, 
Lotus corniculatus and Andropogon furcatus im- 
proved soil structure more in the initial 3-year period 
than in the following 5-year period. On Lindley silt 
loam (high in sand) Lotus corniculatus increased 
aggregation more from 1942 to 1946 than from 1939 
to 1941. For a particular species it would seem that 
whether the greater rate of change came in the first 
3 years or within the following 5-year interval was 
dependent on soil type. Species which had their 
maximum effects or most rapid rates of soil struc- 
tural improvement within the fourth to eighth year 
period of occupancy were Lespedeza sericea, Panicum 
virgatum, and Sorghastrum nutans. 

Of all of the species, although two of them had 
greater rate of increase in the initial 3-year period, 
none reached its maximum improvement in soil strue- 
ture in this initial period. All species continued their 
improvement of soil structure in the following 5-year 
period. At the end of 8 years none of the species 
of grasses and legumes had improved soil structure to 
equal that of the soils of uncultivated oak-hickory. 
Utilizing percentage of aggregates greater than 0.25 
mm. and degree of permeability as criteria, the prairie 
grasses and two species of legumes had approached 
the structural condition of uncultivated oak-hickory 
but had not attained the same structure. Poa pra- 
tensis had the greatest difference in comparison with 
the oak-hickory forest, that is, the least improvement 
in soil structure. Although several of the grasses 
shown a structure approaching that of the oak-hickory 
and legumes at the end of 8 years of occupancy had 
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as measured by degree of aggregation and permeabil- 
ity, comparison of the volume weight of the soils 
from the plots of the grasses and legumes with the 
volume weight of the uncultivated oak-hickory soils 
showed that on this basis the grasses and legumes 
had not restored the soil structure to the same de- 
gree as the aggregation and permeability data had 
indicated. 

The percentage increase in aggregates greater than 
0.25 mm. shown by the grasses and legumes in 8 
years is comparable to the changes in aggregation 
for 7 years obtained by McHenry and Newell (1947) 
and for a 5-year period by Feng (1947), each of 
whom worked with perennial grasses but on different 
types of soil, species of grasses, and climate. The 
three-year increases in degree of aggregation are less 
than those found by Martin (1944) after three years 
of growth by perennial grasses in eastern Africa. 
Martin (1944) concluded that the perennial grasses 
which he studied reached a maximum in their increase 
of aggregates and that more time of occupancy did 
not increase aggregation. The data of this study are 
not in agreement with those of Martin (1944), since 
structure restoration did not reach a maximum either 
in 3 or 8 years of occupancy by the grasses or 
legumes nor did the degree of aggregation reach the 
high level of the uncultivated oak-hickory. This is 
contrary to the conclusions of Pavlychenko (1942), 
Stephenson and White (1941), and Aldefer (1942), 
each of whom had found that perennial grasses re- 
stored the soil structure to the virgin condition. The 
time given by Pavlychenko (1942) and Stephenson 
and White (1941) for soil structure restoration was 
5 years while Aldefer (1942) did not give the time 
of their grass occupancy. The disparity between the 
writer’s results and those of other workers is prob- 
ably attributable to differences in the initial condi- 
tions of the soils, their inherent characteristics, and 
climatic environment. The structure of the eroded 
soils before the cover plants were established was 
extremely poor and unstable. However, the degree of 
restoration of these soils by vegetative covers in 8 
years is considered high as compared to that of 
changes in soil structure of abandoned fields in Ohio 
(Auten 1945) by sassafras, black locust, and red pine 
over a period of 15 to 25 years. 

The results obtained indicate that the species of 
perennial grasses and legumes which were studied 
improved the structure of the eroded soils. The de- 
gree of improvement increased with time of occu- 
pancy. Some of the species caused more rapid 
improvements in the structure of soils in the first 3 
years of occupancy (1939-1941) while other species 
had their maximum effects within the fourth to eighth 
years (1942-1946). Irrespective of the time of maxi- 
mum rate of improvement all of the species continued 
structural restoration of the eroded soils in the period 
1942 to 1946. The conclusions made by Jacks (1944) 
that maximum improvement of soil structure occurred 
within 2 to 4 years do not appear valid under the 
experimental conditions of soil types and climate in 
this study. Before the conclusions of Jacks (1944) 
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are acceptable more studies will be needed on many 
soil types and under varied climatic conditions. 


INTERRELATIONS IN REACTION OF PLANT SPECIES, 
Som STRUCTURE, AND Sort TYPE 

While the differences in plant characteristics be- 
tween the species discussed above seem to give some 
explanation of the differences in the effects on soil 
structure of the various species on a particular soil 
type, the chief factor causing the wide variation be- 
tween the reactions of the species on the Weller silt 
loam and on the Lindley silt loam (high in sand) in 
1941 would seem to be the difference in texture of 
the two soils. The textural characteristics of the 
soils of the legume and grass Weller sites and of the 
legume Lindley site are presented in Table 18. The 
data show that the Weller silt loam has a_ higher 
clay content than does the Lindley silt loam (high in 
sand). 


TaBLE 18. Textural characteristics of three sites at 
three different depths in the soil. 








| PERCENTAGES OF* 
| 














Depth 
Clay Silt | Sand 
Weller legume site 
0-3 inches**.......... 22.0 | 64.0 | 14.0 
9-12 inches***......... 31.8 | 64.1 | 4. 
15-18 inches***......... 39.9 | 57.5 | 2.6 
Weller grass site 
| 
0-3 inches............| 25.6 | 63.6 10.8 
9-12 inches............ | 28.2 | 65.5 6.3 
15-18 inches............ | 37.6 | 68.7 3.7 
| 
Lindley legume site 
| | 
0-3 inches............ | 16.3 | 50.5 | 33.3 
9-12 inches............ | 22.7 | 51.0 | 26.3 
15-18 inches........... | 22:1 | 48.9 | 29.1 
| 


| | 


*Percentages based on oven dry weight. ; 
**Mean values of six random samples at each site. ; 
***Based on averages of triplicate samples from a composited sample. 








An examination of the percentage increase in ag- 
gregates in the legume and prairie grass plots over 
those of the eroded bare plots in 1941 (see Table 4) 
on the Weller and Lindley soils shows that the largest 
increases are on the Weller silt loam. It appears 
that the greater increase in aggregation by the cover 
plants on the Weller soil in the 3-year period is closely 
related to the higher clay content of this soil. Fur- 
thermore, support is given this relationship by the 
highly significant coefficient of correlation of 0.74 
between the degree of aggregation of soils under 
Lotus corniculatus and Lespedeza sericea and the clay 
content of the Weller and Lindley soils. At the end 
of the 8 years of occupancy, the wide differences of 
the plants in their reaction on the two types of soil 
1s no longer apparent. It seems, therefore, that a 
soil with a higher clay content under a given plant 
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cover has a more rapid rate of structural restoration 
but that over a longer period of time this factor is 
not significant. That the amount of clay present in 
a soil is one of the important factors in the formation 
of water-stable aggregates is pointed out by Baver 
(1940). Utilizing variable mixtures of clay and sand 
under laboratory conditions, McHenry and Russell 
(1944) showed that as the percentage of clay in- 
creased the percentage of water-stable aggregates had 
a corresponding increase. 
SUMMARY 

1. Five species of grasses and four species of 
legumes, planted in randomized replications on five 
southeastern Iowa sites representing three distinctive 
soil types and five treatments, were tested in 1941 
for their formative effects on soil structure at the 
end of three growing seasons following establishment. 

2. Four of the experimental sites were located on 
eroded areas of the two upland soil types of Weller 
silt loam and Lindley silt loam (high in sand). The 
fifth site was located on a lowland area of an imma- 
ture alluvium soil as vet not definitely classified. 

3. Utilizing three of the experimental sites on the 
2 upland soil types of 1941, 2 legumes, 3 prairie 
grasses, and Poa pratensis were studied for their 
formative effects on soil structure at the end of 8 
vears in 1946. For comparison, soil structure meas- 
vrements were made on uncultivated oak-hickory sites 
on the two upland soil types. 

4. In 1946, number of plants, habit of growth, 
basal area, quantity of dry matter and rate of de- 
composition of above- and below-ground parts of the 
grasses and legumes were determined. 

5. After 3 years of establishment (1941) differ- 
ences between grasses and legumes and among species 
within the two groups in their effects on modification 
of structure of eroded soils were functions of soil 
type and method of measuring soil structure. Both 
grasses and legumes caused a much greater improve- 
ment in the structure of the Weller silt loam than. 
of the Lindley silt loam. It appeared that this 
greater improvement in the Weller soil was attribu- 
table to its higher clay content. The magnitude of 
structural change as measured by percentage increase 
in water-stable aggregates was considerably greater 
than that shown by decrease in volume weight. 

6. Following 8 years of occupancy by the grasses 
and legumes, differences were not apparent between 
these two types of cover plants either in their effects 
on soil structure or in their reactions on soil types. 
The maximum modification in soil structure was 
shown by changes in the degree of permeability and 
aggregation and the least change in the decrease in 
volume weight. Variation among species in their 
structure-forming effects was not as wide as had been 
found in 1941. 

7. The species of cover plants differed in rate of 
modification in structure of the eroded soils. In one 
group of species the maximum rate of restoration of 
soil structure occurred during the first 3 years of 
occupancy while in the other group the maximum 
rate occurred during the second period of 5 years. 








170 
Irrespective of the time of maximum rate of im- 
provement, all of the species continued their effects 
on restoration of soil structure during the fourth to 
eight year period. At the end of 8 years of occupancy 
none of the species of cover plants had restored the 
structural condition of the eroded soils to that of the 
soils of the uncultivated oak-hickory forest cover. 

8. Correlations between the indices of structure of 
soils under the various species of grasses and legumes 
and the characteristics of these species thought to be 
associated with soil structure formation generally did 
not show significant coefficients of correlation. In 
the surface 3 inches of soil modifications of soil struc- 
ture were more highly correlated with characteristics 
of the above-ground portions of the cover plants than 
with the properties of the roots in this soil layer. In 
the 3- to 6-inch layer of soil, however, structure 
changes were more highly correlated with character- 
istics of roots than of tops. 

9. Degree of aggregation was more closely related 
to the rates of decomposition of the above- and 
below-ground portions of the cover plants than to 
any of the other characteristics of the cover plants 
studied. A higher percentage of water-stable aggre- 
gates in the surface 3 inches of soil was associated 
with cover plants whose tops had a rapid rate of 
decomposition while in the 3- to 6-inch layer of soil 
a higher percentage of aggregates was found under 
those cover plants which had roots with slow rates 
of decay. Permeability and volume weight were more 
closely related to quantity of above- and _ below- 
ground material than to rates of decomposition. 

10. Of the three properties of soil structure meas- 
ured in this study, the water-stable aggregates were 
modified to a higher degree by the cover plants than 
were any of the other properties. Rate of permeabil- 
ity was almost equally modified and volume weight 
was the least changed of the three properties of 
structure. 

11. Of the cover plants Lotus corniculatus and 
Andropogon furcatus were found to cause the great- 
est improvement in soil structure in the first 3 years. 
Outstanding species at the end of 8 years were 
Panicum virgatum, Lotus corniculatus, and Lespedeza 


sericea. 
LITERATURE CITED 


Ackerman, F. G., & H. H. Myers. 1943. Some factors 


influencing aggregation of claypan soils. Soil Sci. 
55: 405-413. 
Aikman, J. M., & R. E. McDermott. 1943. Comparison 


of dominant prairie grasses as interplanting ground 

covers on eroded soil. Iowa Acad. Sci. Proce. 50: 
235-240. 

Alderfer, R. B. 1942. Structural stability and perme- 
ability of native forest soils compared with cultivated 
areas of the same soil type. Soil Sci. Soc. Am. Proce. 
(1941) 6: 98-103. 

1944. The comparative effects of surface application 
vs. incorporation of various mulching materials on 
structure, permeability, runoff, and other soil proper- 


ties. Soil Sci. Soc. Am. Proe. (1943) 8: 79-86. 


Henry S. Warp, JR. Vol. 


Ecological Monographs 
j 19, No. 2 
1946. Seasonal variability in the aggregation of 
Hagerstown silt loam. Soil Sci. 62: 151-168. 
Anderson, Voilet L. 1927. 
the English chalk. V. 
chalk flora. Jour. Ecol. 
Auten, John T. 1945. 
black locust, and pines 
Forestry 43: 441-446. 
Baver, L. D. 1940. Soil 
Sons, Inc. New York. 
Boyd, Ivan L. 1942. 
grasses as interplanting ground covers on eroded soils, 
Kans. Acad, Sei. Trans, 45: 55-58. 
Brewer, Howard E. 1947. Response of certain legumes 
to variations in soil and microclimate on eroded areas 
Ecol. Monog. 17: 471-500. 
Seasonal variations in the growth 
Mo. 


Studies of the vegetation of 
The water economy of the 
15: 72-129. 

Relative influence of sassafras, 
old-field Jour, 


upon soils. 


physics. John Wiley and 


Evaluation of species of prairie 


in southeastern Towa. 

Brown, E. M. 1943. 
and chemical composition of Kentucky bluegrass. 
Agr. Expt. Sta. Res. Bul. 360, 

Browning, G. M., & F. M. Milam. 1944. The effects of 
different types of organic materials and lime on soil 
aggregation. Soil Sci. 57: 91-106. 

Campbell, D. A. 1945. 
plied to farming in Hawkes Bay. 
Sei. & Technol. 26-A: 301-332. 

Clements, Frederic E. 1928. 
eators. The H. W. Wilson Co. 

Coetzie, J. A.. M. I. Page, & D. Meredith. 
studies in Highveld grassland communities. 
ean Jour. Sei. 42: 105-118. 

Coile, Theodore S. 1936. 
139-1942. 

1940. Soil changes associated with loblolly pine sue- 
cession on abandoned agricultural land of the Pied- 


Soil conservation studies ap- 
New Zealand Jour. 


Plant succession and indi- 
New York. 

1946. Root 
So. Afri- 


Soil Sei. 42: 


Soil samplers. 


mont Plateau. Duke Univ. School Forestry. Bul. 5. 

Crider, Franklin J. 1945. Three introduced _love- 
grasses for soil conservation. U. 8. Dept. Agr. Cire. 
730. 


1941. The rate of decomposition of 
Sei. Agr. 21; 423-432, 


Doughty, J. L. 


plant roots. 


Fred, E. G., I. L. Baldwin, & E. McCoy. 1932. Root 
nodule bacteria and leguminous plants. Wise. Univ. 
Studies in Science. No. 5, 

Free, G. R., G. M. Browning, & G. W. Musgrave. 1940. 
Relative infiltration and related physical character- 
istics of certain soils. U. S. Dept. Agr. Tech. Bul. 
729. 


Garver, Samuel. 1946. Alfalfa in South Dakota. S. D. 
Agr. Expt. Sta. Bul. 383. 

Havis, Leon. 1943. Aggregation of an orchard and 
vegetable soil under different cultural treatments. 
Ohio Agr. Expt. Sta. Bul. 640. 

Hubbell, D. S., & J. E. Chapman. 
of structure in two caleareous 
271-281. 

Jacks, G. V. 1944. 
tions on the soil. 
Agr. Joint Pub. 6. 

Kramer, J., & J. E. Weaver. 1936. Relative efficiency 
of roots and tops of plants in protecting the soil from 
erosion. Univ. Nebr. Conserv. & Surv. Div. Bul. 12. 

Li, Lai Yung, R. D. Anthony, & F. G. Merkle. 1942. 
Influence of orchard soil management upon the infil- 


1946. 
soils. 


The genesis 
Soil Sei. 62: 


The influence of herbaceous rota- 
Alternate Husbandry. Imp. Bur. 














April, 1949 
tration of water and some related physical character- 
isties of the soil. Soil Sei. 53: 65-74. 

MacDonald, H. A. 1946. Birdsfoot trefoil (Lotus 
corniculatus L.) its characteristics and potentialities 
as a forage legume. Cornell Agr. Expt. Sta. Mem. 
261. 


Martin, J. P. 
gation. II. 


1946. Microorganisms and soil aggre- 

Influence of bacterial polysaccharides on 
soil structure. Soil Sei. 61: 157-166. 

Martin, T. L., & D. A. Anderson. 1943. Organic matter 
decomposition, mold, flora, and soil aggregation rela- 
tionships. Soil. Sci. Soe. Am. Proce. (1942) 7: 215- 
ei7. 

Martin, W. S. 1944. Grass covers in their relation to 
soil structure. Empire Jour. Expt. Agr. 12: 21-32. 

McCalla, T. M. 1945. 
some organic substances on soil structure. 
59: 287-297. 

McHenry, J. R. 1944. 
tion of mixture of bentonite and sand. 
351-357. 

McHenry, J. R., & L. C. Newell. 1947. Influence of 


some perennial grasses on the organic matter content 


Influence of microorganisms and 
Soil Sci. 


Microbial activity and aggrega- 
Soil Sci. 57: 


and structure of an eastern Nebraska fine textured 
soil. Jour. Am. Soe. Agron. 39: 981-994. 
McHenry, J. R., & M. B. Russell, 1944. Elementary 


mechanics of aggregation of puddled materials. Soil 
Sci. Soc. Am. Proce. (1943) 8: 71-76. 

Metzger, W. H., & J. C. Hide. 1938. Effect of certain 
crops and soil treatment on soil aggregation and the 
distribution of organic carbon in relation to aggre- 
gate size. Jour. Am. Soc. Agron. 30: 833-844. 

Middleton, H. E., C. S. Slater, & H. G. Byers. 1934. 
The physical and chemical characteristics of the soils 
from the erosion experiment stations—second report. 
U. S. Dept. Agr. Tech. Bul. 430. 

Myers, H. E., & H. G. Myers. 1944. Soil 
tion as a factor in yields following alfalfa. 
Am. Soc. Agron. 36: 965-969. 

Newman, A. S., & A. G. Norman. 1942. The activity 
of the microflora in various horizons of several soil 
types. Soil Sci. Soe. Am. Proc. (1941) 6: 187-194. 

Newton, R., & R. S. Young. 1940. Nitrification under 
and after alfalfa, brome, timothy, and western rye 
grass. Can. Jour. Res. C-18: 136-141. 

Norman, A. G. 1943. 
soil organic matter. 
27-15. 

Parker, E. R., & H. Jenny. 1945. Water infiltration 
and related soil properties as affected by cultivation 
and organic fertilization. Soil Sci. 60: 353-376. 

Pavlychenko, T. K. 1942. Root certain 
forage crops in relation to the management of agri- 
cultural soils. Nat. Res. Council Canada & Dom. 
Dept. Agri. N. R. C. Pub. 1088. 


Peele, T. C. 1940. 


aggrega- 
Jour. 


Problems in the chemistry of 
Soil Sci. Soc. Am. Proc. (1942) 


systems of 


Microbial activity in relation to 
soil aggregation. Jour. Am. Soe. Agron. 32: 204-212. 

Pieters, A. J. 1939. Lespedeza sericea and other peren- 
nial lespedezas for forage and soil conservation. U. S. 
Dept. Agr. Cire. 534. 


REAcTIONS OF ADAPTED LEGUMES AND GRASSES 


171 


A study of factors 
Soil Sei. 


Rost, C. 0., & C. A. Rowles. 1941. 
affecting the stability of soil aggregates. 
Soc. Am. Proce. (1940) 5: 421-433. 

Russell, E. W. 1943. Recent advances in soil physics. 
Soils and Fertilizers 6: 47-51. 

Shively, S. B., & J. E. Weaver. 1939. Amount of 
underground plant materials in different grassland 
climates. Univ. of Nebr. Conserv. & Surv. Div. Bul. 
21. 

Slater, C. S., & E. A. Carleton. 1942. Variability of 
eroded material. Jour. Agr. Res. 65: 203-219. 

Snider, H. J. 1946. Chemical composition of hay and 
forage crops. Ill. Agr. Expt. Sta. Bul. 518. 

Stauffer, R. S., R. W. Muchenhern, & R. T. Odell. 1940. 
Organic carbon, pH, and aggregation of the soil of 
the Morrow plots as affected by type of cropping and 
manual addition. Jour. Am. Soe. Agron. 32: 819-832. 

Stauffer, R. S., & C. E. Shuster. 1945. Effects of 
mulches on soil properties. Soil Sci. 59: 219-230. 

Stevenson, T. M., & W. J. White. 1941. Root fibre 
production of some perennial grasses. Sci. Agr. 22: 
108-118. 

Tyner, E. H. 1940. 
for dispersion of soil in mechanical 
Sci. Soc. Am. Proce. (1939) 4: 106-113. 

1943. The microbiologist looks at 

Soil Sci. Soe. Am. Proe. (1942) 


The use of sodium metaphosphate 
analysis. Soil 


Waksman, Selman A. 
soil organic matter. 


7: 16-21. 


Warming, Eugene. 1909. Oeccology of plants. The 
Clarendon Press. Oxford. 
Warner, Robert M. 1945. Relation of vegetative cover 


to the plant growth conditions of eroded soils. Iowa 
State College Jour. of Sci. 20: 101-153. 

Weaver, J. E. 1919. The ecological relations of roots. 
Carn. Inst. Wash. Publ. 286. 

1947. Rate of decomposition of roots and rhizomes 
of certain range grasses in undisturbed prairie soil. 
Ecology 28: 221-240. 

Weaver, J. E., & George N. Harmon. 1935. Quantity 
of living plant materials in prairie soils in relation 
to run-off and soil erosion. Univ. Nebr. Conserv. & 
Surv. Div. Bul. 8. 

Weaver, J. E. & Ellen Zink. 1946. 
underground materials in three range grasses. 
27: 115-127. 

Willard, C. J.. & G. M. McClure. 1932. The quantita- 
tive development of tops and roots in bluegrass with 
an improved method of obtaining root yields. Jour. 
Am. Soe. Agron, 24: 509-514. 


Wilson, H. A., & G. M. Browning. 


Annual increase of 
Ecology 


1946. Soil aggrega- 


tion, yields, runoff and erosion as affected by crop- 
ping systems. Soil Sci. Soe. Am. Proce. (1945) 10: 
51-57. 


Wilson, H. A., F. F. Riecken, & G. M. Browning. 1947. 
Soil profile characteristics in relation to drainage and 
level terraces. Soil Sci. Soc. Am. Proe. (1946) Il: 
110-118. 

Yoder, Robert E. 1936. A direct method of aggregate 
analysis of soils and a study of the physical nature 


of erosion losses. Jour. Am. Soc. Agron. 28: 337-351. 

















THE BOGS OF CENTRAL MINNESOTA 


VerRONA M. Conway 





The University of Sheffield, England 














CONTENTS 


US OS S855 18 ate SAS Si ae es a en ge ee 
OASEDEEET GUE ON POT NURBIDS MONO MNOS. oo. clogs cnc Sais wie dis wis oid winters Sse ques sais see 
OUTLINE OF THE BoG SUCCESSION ; THE DEVELOPMENT OF ACIDITY.......... 
Use A OO MMMNUMIMSUNS AG oS GG 5 xd Ska oe ESS Rid glelD Sew se none eck ee o6 
PA Wer eA MIAITER ST TEUUENOS APR Nd A ne toe kaa kaw eeakise> 
(Va ET USE De Ege i 0 | ee a en ee 
Seen ME MGR OMMADIN ree ors esis oe he IS. eps ne Swiss @ ao eae SOR a 
SATHRATTET OTTED «5.5 occ c ceecs seen saves eis ens hhade rR obs la eee ie A 
APPENDIX I. THE QUINHYDRONE METHOD OF PH DETERMINATION........... 
APPENDIX 17. DETAUIS OF BOG DOCATATING. ......2 2.0.0.0. cc cc cea ces cwase 


1174] 


185 


193 


202 


204 


205 


206 











THE BOGS OF CENTRAL MINNESOTA 


INTRODUCTION 

Ever since the earliest ecological studies, ecologists 
seem to have been fascinated by the study of bogs 
and bog-dwelling plants. Perhaps this is because the 
bog habitat is of very limited extent compared to 
the total area occupied by the vegetation of mineral 
soils. Hence bog plants are unusual, and therefore 
interesting, because they appear able to flourish in 
environmental conditions which are hostile to the 
great majority of vascular plants. Not merely are 
they unusual, but to earlier ecologists many of them 
appeared paradoxical, because they are xeromorphiec. 
This paradox is seen today in more perspective, since 
it is realized that the xeromorphy is exhibited mainly 
by the Ericaceae; we have progressed beyond the 
teleological interpretation implicit in the term “phys- 
iological drought” to a better understanding of the 
metabolic behavior of the bog Ericads and of other 
of the vascular plants with the same habitat prefer- 
ences. As examples of this approach one may take 
the work of Priestley and Hinchliff (1922, 1924) on 
the fat metabolism of the Ericaceae, or of Pearsall 
and Wray (1927) on the ecology of Eriophorum 
angustifolium. 

Meanwhile, since the days of Schimper and Warm- 
ing and “physiological drought” other aspects of bog 
ecology have become prominent. First and foremost, 
bog communities provide by far the clearest examples 
of plant succession, since xeroseres of a truly pri- 
mary character are hard to find and extremely slow 
moving. Hence, ever since the work of Clements, the 
successional aspect of bog vegetation has rightly 
claimed a large share of attention. Allied to this, 
but later in time, has come the historical study of 
bogs by research on the underlying peats or lake 
deposits. Probably more bogs are today receiving 
attention from workers in this field than are being 
studied by ecologists with other lines of interest. This 
is indeed as it should be, since, by a study of the 
actual history of development, we may confirm, or, 
if necessary, modify the conclusions already reached 
from our knowledge of the present-day ecology. 
Moreover it is obvious that an understanding of bog 
stratigraphy is of the highest importance in the in- 
terpretation of the pollen diagrams on which is based 
knowledge of the post-glacial history of vegetation 
types in general. 

In recent years a very large tributary has entered 
the river of knowledge which has flowed from the 
work on bogs carried out by the ecologists, that is 
to say, the “pure scientists.” This tributary, derived 
from the territory of “applied” science, might in 
fact be considered, from the point of view of volume 
of work, as the main river! Be that as it may, there 
is no doubt that at present ecologists and experts on 


peat chemistry or microbiology or the agricultural 
uses of peat, are working together not only to in- 
crease our basic understanding of peats and _ peat- 
forming vegetation, but to solve the problems involved 
in deciding the best practical policies for dealing 
with peat-bearing areas. 

In the British Isles, the lowland bogs have suffered 
from human attention for many hundreds, if not 
thousands of years, and almost all of them have been 
thoroughly degraded, to view them with an ecologist’s 
eye, or converted to useful purposes, to take the view- 
point of a farmer, a peat-merchant or a shooter of 
game-birds. The upland bogs are also for the most 
part in a degraded state, with characteristics very 
different from those which they must have shown 
during most of the period of their existence, and an 
understanding of the reasons for their degradation 
is valuable not only for its own sake, but for its use 
in forecasting the probable fate of the peat areas in 
the future. We may, for example, need to know the 
answers to questions such as these: how far is bog 
degradation a response to climatic change; is it de- 
sirable or possible to bring the bogs back to their 
natural condition; if peat formation has ceased, what 
new vegetation will appear, or what new plant types 
can we try to grow, and so on. For such an under- 
standing, it is clearly desirable to have in the first 
place the widest possible knowledge of the relation 
of bog types to climatic and topographic conditions, 
and it was therefore natural for an English investi- 
gator of bog ecology to seek the widening of experi- 
ence which could be given by a first-hand acquaint- 


ance with the bogs of at least one locality in the 
wide area of the North American continent. For 
this reason, and with the general background of 


thought which has been briefly sketched, the writer 
undertook a year’s study of bogs in the state of 
Minnesota, from September 1946 to September 1947. 
The choice of this area, out of all the possible areas 


in the U. S. A., was due to the encouragement of 
Dr. W. S. Cooper of the University of Minnesota, 


and his generous offer of hospitality within his de- 
partment. 

This work was carried out during the tenure of a 
Virginia Gildersleeve International Fellowship given 
by the American Association of University Women. 
Grants were also received from Girton College, Cam- 
bridge, and the Leverhulme Fellowships fund. Grate- 
ful acknowledgment is made to all these institutions. 
The writer has also to thank the University of Shef- 
field for granting leave of absence for a year, and 
the University of Minnesota for according the privi- 
leges of an Honorary Fellow. 

The help received from taxonomic experts is ae- 
knowledged later. The writer is much indebted to 
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Mr. D. A. Christianson of Hinckley for helping with 
information and transport in Pine County, and a great 
deal is owed to the generosity of Mr. and Mrs. Borton 
of Minneapolis, who lent a car for field work during 
the summer of 1947. Valuable assistance was re- 
ceived from Dr. D. B. Lawrence and many other 
members of the Department of Botany in the Uni- 
versity of Minnesota. Above all, the writer must 
express her gratitude to Dr. W. S. Cooper, Pro- 
fessor of Botany in the University of Minnesota, 
who encouraged her in the first place to come to 
Minnesota, and who helped in every possible way 
throughout her stay. 


SCOPE AND METHODS OF WORK 

Practical considerations, such as the limited period 
of the research, and the difficulties of transport, 
made it necessary to choose an area as near as pos- 
sible to the laboratory facilities of Minneapolis and 
to restrict its size. The boundary marked on Figure 
1 encloses all the localities at which ecological studies 
were made, and any generalizations about bog ecol- 
ogy will refer to this area only. Moreover, studies 
were strictly limited to wet habitats which were free 
from any influence by silt depositions. The abun- 
dance of such habitats in the area may be ascribed 
of course to the topographical nature of the region, 
which has been strongly affected by glaciation. All 
the bog localities lie within the general area of the 
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Fig. 1. Map of Minnesota, showing area of study 
(dot-dash line). Dotted line, boundary of glacial Lake 
Agassiz. Hatched line, boundary of the Young Grey 


drift (after Thiel (1930)). I, Itasea Park; G, Grand 
Rapids; D, Duluth; Cu, Cuyuna; K. Kerrick; H. Hinek- 
ley ; Ce, Cedar Creek; M, Minneapolis; 8, Saint Paul. 
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Wisconsin glaciation, though as Figure 1 shows, some 
of them are not within the limits of the Late Wis- 
consin maximum. 

Again, there was need to use simple techniques of 
study, rather than to spend time on the elaboration 
of new or lengthy methods, and therefore the work 
does not claim to have gone beyond the traditional 
lines of descriptive ecology. It has, however, seemed 
to the writer that the data were worth putting on 
record, since this would allow comparisons to be 
made between bogs of the area here described and 
those dealt with by Transeau (1903), Gates (1942), 
Cooper (1913), and others. 

The problem of nomenclature presents some diffi- 
culty to ecologists who are not directly concerned 
with taxonomic procedure. They are bound to rely 
on the help of taxonomic experts, and the writer grate- 
fully records the assistance received from Dr. J. W. 
Moore, Dr. C. O. Rosendahl and Dr. Murray F. Buell 
for the vascular plants; from Professor W. C. Steere 
for Sphagna; from Dr. C. Christensen for the larger 
Basidiomycetes. Apart from the commonly occurring 
Angiosperms, of which mis-identification is unlikely, 
specific names which have not been checked by ex- 
perts are marked with an asterisk. The names and 
authorities given in the text are taken from the 
following literature; exceptions to this are stated in 
the text where necessary : 


Flowering plants and ferns; Moore and Tryon (1946) 
Sphagna; Le Roy Andrews (1913) 

Other mosses; Grout (1928) 

Basiodiomycetes; Graham (1944) 

Filamentous fungi; Gilman (1945) 


Soil acidities were almost all estimated by the 
quinhydrone method. This is open to criticism as 
being less accurate than more modern electrometric 
methods, but there is such a variation of pH reading 
given by several estimations from one sample of 
peat of, say, 20 ce. in total volume, that the lack 
of great accuracy is out-weighed by the advantages 
of using simple, sturdy and portable apparatus. 
Further, most of the more important and wide- 
ranging measurements of bog pH values in the Brit- 
ish Isles have been made by the quinhydrone method, 
more especially by Pearsall and his co-workers, so that 
the use of this method in Minnesota has the advan- 
tage of allowing comparison with the British data. 
Appendix I gives details of the use of the method 
and the type of results obtained. Oceasionally, for 
water samples, a colorimetric method was used, the 
indicators being held by paper strips. Values so 
obtained are qualified in the text by the word “colori- 
metric.” 

The sketch-maps of bog localities which are shown 
in Figures 2, 4, and 5, are derived by enlargement 
from the relevant aerial photographs, commercially 
obtainable from the U. S. Department of Agricul- 
ture. Exact map locations and references to aerial 
photographs will be found in Appendix II, which 
includes not only all the places mentioned in the 
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Fig. 2. Sketch-map of Twin Lakes locality, Itasca 
Park. xy, position of transect shown in Fig. 13. 


text, but others which were examined during the 
course of the research. 


OUTLINE OF THE BOG SUCCESSION; THE 
DEVELOPMENT OF ACIDITY 


Within the area studied, there are bogs which show 
associations dominated by acidiphilous species, more 
particularly species belonging to the Ericaceae, but 
there are other bogs in which this kind of association 
does not occur. This situation appears to be common 
in the north central parts of the U. S. A., and there 
has been some discussion concerning both the nomen- 
clature of bog types, and the underlying factors 
which cause the difference. Waterman (1926) for 
example, deals with these questions, and so also does 
Kurz (1928), who broadly separated his bog types 
into “acid” bogs, and “cireum-neutral” bogs. In 
central Minnesota it seems impossible to draw a line 
which shall even roughly separate two types in this 
way, since there seems to be a continuously graded 

1 An ecologist is apt to refer to soil types as “acid” or ‘“non- 
acid,” in a way which must offend those who are used to 
thinking accurately in chemical terms. Yet the practice makes 
for ease in writing, and ecologists usually understand each 


other well enough. To make the matter quite clear, however, 
the following equivalences will be used throughout this paper: 


Acid: pH below 5.0 

Moderately acid: pH from 5.0 to 5.5 
Subneutral: pH from 5.5 to 6.5 
Circumneutral: pH from 6.5 to 7.5 
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series from one extreme to the other. This conclusion 
will be illustrated by an outline description of six 
localities in which the bog vegetation was studied. 
In order to simplify the description, and to empha- 
size the common features of these varied successions, 
the vegetation is classified not under the headings of 
particular associations, but in terms of four major 
community types, namely, pioneer-mat, moss-heath, 


bog-forest and marginal fen. These names are 
largely self-explanatory. The name “marginal fen,” 
however, requires brief comment at this stage. This 


is the narrow zone which normally separates the 
communities of the mineral soils around the bog from 
the main communities which occupy the bog surface as 
a whole. It is characterized by abundance of Alnus 
incana and of basiphilous sedges, most commonly 
Carex riparia. Such a zone has been recognized and 
described in the literature of north American bogs, 
as for example by Cooper (1913) for Isle Royale, 
but has received a different descriptive name from 
nearly every author. It is clear that it is the exact 
homologue of the “lage” of Seandinavian writers; 
an account of the term and its meaning in relation 
to British bogs may be found in Godwin and Con- 
way (1939). It is essentially that part of a bog 
which is permanently under the influence of the 
relatively base-rich waters which drain down the 
slopes of the surrounding higher ground. The zone, 
with its neutral or nearly neutral peat and its sedge- 
alder-willow vegetation, presents a physiognomy ex- 
actly similar to that which in Britain is called “fen,” 
and hence the name “marginal fen” is used here 
instead of which is a term apparently not 
widely recognized in the U. 8. A., if recognized at 


all. 


iia PoP ” 
lage, 


Cedar Creek bog 

This bog, which lies within easy reach of Minne- 
apolis, has received close study from Lindemann, but 
mainly from the limnological aspect. He has, how- 
ever, given a description, most valuable to botanists, 
of the development of the bog as deduced from bor- 
ings along a transect (Lindemann 1941). The pres- 
ent area of open water is only a small fraction of 
the lake which must originally have existed. The 
ereater part of this larger area is now occupied by 
bog-forest, but between this and the lake water lies 
a narrow pioneer-mat of varying vegetation. Not 
only does it vary from place to place at present, but 
it has varied from time to time in the past. Thus 
Lindemann has described how the dominance of 
Decodon verticillatus has alternated with dominance 
of Typha latifolia. During the summer of 1947, 
Typha oceupied by far the greater area of the two, 
but Decodon was growing very luxuriantly and cov- 
ering the whole of the mat over a sector at the north 
end. Typha is not for the most part forming the 
younger margin of the mat, but stands inland to a 
zone dominated by Carices, especially C. 
and C. prairea. Bryophytes, though locally abun- 
dant, appear as a minor component of the mat 
vegetation. 


lasiocar pa 
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A few isolated saplings and trees of Larix laricina 
(tamarack) grow on the pioneer-mat, but it appears 
that colonization has not been active in recent years, 
and the hog-forest margin is abrupt. The forest con- 
sists of mixed Larix and Thuja occidentalis; in the 
older parts the latter forms almost pure stands, which 
are dense and east an intense shade. The ground flor: 
is basiphilous in the main, but Sphagnum magellani- 
cum, Ledum groenlandicum, and Vaccinium Oxycoc- 
cus are of frequent occurrence. Table 1 gives the 
results of pH estimations. The values for peat sam- 
ples taken in the bog-forest show a wide range, but 
the most acid values are obtained only by deliberately 











TABLE 1. Cedar Creek Bog. pH values. 
Place or type Mean pH 
of sample Comments value 
Lake water. Two samples, 7.0, 6.88. | 6.94 
Pioneer-mat..| Six samples from one quadrat. 
Range 6.30-6.85......... 6.53 
Thuja forest. .| Six samples from one quadrat. | 
Range 5.03-7.12........... = 6.39 
Ditto. . Five samples each chosen from | 
just below the surface where | 
Sphagnum magellanicum was | 
growing. Range 4.10-4.48...... | 4.26 
Marginal Fen.| Two samples, 5.62, 5.58..... 5.60 
Mineral soil...) From sloping ground just above | 
the site of the preceding samples.| 5.40 
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choosing samples from beneath Sphagnum patches, 
and the peat of the bog as a whole is not acid. It is 
therefore not surprising that the marginal fen is not 
conspicuously differentiated in this bog, at any rate 
in those parts of the margin which were examined. 
Itasca Park Twin Lakes area 
South of the end of the S.E. arm of Lake Itasca, 
bevond Lake Mary, lies a group of small hollows, 
each of which shows stages of a type of bog develop- 
ment which is common to them all. Figure 2 shows 
the disposition of the hollows, which have for con- 
venience been named with letters. A and B are the 
“Twin Lakes”; B shows signs of interference, for 
example by the building of fences and the cutting 
out of trees from the community which now resembles 
a pioneer-mat. A, on the other hand, gives the im- 
pression of a more natural zonation, while D, which 
is not visible nor easily accessible from the road, 
presents an apparently perfect example of the suc- 


cessional stages characteristic of this locality. Fig- 
ure 3 shows the general appearance of D. C was 


not examined, but appeared at a distance to resemble 
D very closely. E and F no longer showed any 
open water, but were covered in the center by the 
completed pioneer-mat, which was dominated here 
by Carex lasiocarpa. With this species were asso- 
ciated a fair variety of other Angiosperms, and a 
small number of widely distributed but inconspicuous 
Bryophytes. Carex comosa was typical of the 
younger pioneer-mats at A and D which were still 
invading open water. Just as at Cedar Creek bog, 
there is here no development of a moss-heath com- 
munity, but Larix laricina directly invades the pio- 





view of Twin Lakes D. 
Larix and Picea zones, with mixed Pine-hardwood forest on upland in the backgrovnd. 


Fig. 3. General 
water, pioneer-mat, 





Foreground, pioneer-mat of Carex lasiocarpa with Typha; beyond the 
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Alice bog communities, wtih the data for presence 


selected species in quadrats at the sites where samples were taken for pH estimation. 





Vegetation type 


| 
Old Picea 
Distance from zero of transect in | 

pac es (y ards approx. ) 


pH values at about 10 cm depth. ‘| 6.8 | 6.4 | 7.3 | 


| 14 | 27 | 33 | 39 








Cone lasiocarpa Ebrh. var. 
americana Fernald. : 
Calliergonella cuspidata (Hedw.) 
Loeske. * 
Aulacomnium palustre Schwaegr.. 
Salix pedicellaris Pursh. var. 
hypoglauca Fernald...... 
Potentilla palustris (L.) Seop.....|... 
Andromeda glaucophylla Link... .|....).. 
Betula pumila L. var. | 
glandulifera Regel 
Vaccinium Oaycoccus L.. 
Sphagnum magellanicum Bird.. 
S. recurvum Beauv.... . 
Ledum groenlandicum Oeder..... . 
Chamaedaphne calyculata (L.) 
Moench. var. angustifolia 
(Ast) MONGGF i650. eee 
Linnaea borealis L. var. ameri- 
cana (Forbes) Rehder. 
Maianthemum canadensis Desf... . 
Aralia nudicaulis L.... . 
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neer-mat. Larix is followed, however, not by Thuja 
but by Picea mariana, and there are indications that 
this in turn may eventually be replaced by Abies 


balsamea. 
Lake Alice bog 

This bog also oceurs in the Itasca Park region, but 
is possibly shallower than the Twin Lakes group just 
described, since it carries a large population of 
floating-leaved hydrophytes. The pioneer-mat 
again dominated by Carex lasiocar pa, but it passes 
over into a well-developed moss-heath in which Betula 


is 


pumila var. glandulifera (the bog birch) is promi- 
nent. Larix is actively colonizing the moss-heath out- 
side the margin of a wide bog-forest zone, and 
dominates the younger zone of the bog-forest, with 
some admixture of Picea. The latter tree dominates 
the older stage, but is itself being invaded by Abies, 


as in the Twin Lakes area. 

Table 2 gives the results of pH estimations for 
peat samples taken along a line passing across the 
vegetation zones from west to east, on the western 
side of the bog. It also gives the presence or absence, 
in quadrats listed at the sampling sites, of a selection 
of the more characteristic and important species of 
the shrub and herb layers. The pH values suggest 
that sub-surface peat is not strongly acid, but that 
a skin of acidifying mosses, more especially Aula- 
comnium palustre, Sphagnum recurvum and 8S. 
magellanicum, has developed extensively, so that peat 
samples with pH values below 5.0 are readily en- 
countered. It is worth noting that while Chamae- 
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daphne calyculata is present in the area, it is not this 
species, but Andromeda glaucophylla which domi- 
nates the moss-heath, and that the chief moss of the 
moss-heath is not a species of Sphagnum but Aula- 
comnium palustre. 


Cuyuna bog 
About a mile to the east of the re-awakened iron- 


mining village of Cuyuna there lies a depression 
filled by a lake and the bog communities which are 
colonizing it. The whole area is of much interest, 


because of the variety of plant associations which is 
exhibited there, but unfortunately it is threatened 
with destruction as a result of mining activities. 
Where the trail from the road leads down to the 
bog, as indicated in Figure 4, the slope is steep, and 
if the underwater slope is correspondingly steep on 
this radius, it may explain why the pioneer-mat is so 
narrow at this point. It dominated by Carex 
lasiocarpa, but quickly passes into an alder-rich zone 
and inside this occurs a typically treacherous mar- 
ginal fen with much coarse sedge. Rough colorimetric 
estimates of pH along this radius gave nothing more 
acid than pH 
Farther around, 


is 


on the west side of the bog, at E, 
the bog zones are much widened and much of 
the area is dominated by bog birch. An older zone 
of tall birch, farther from the open water, is rather 


very 


clearly distinct from a younger zone of shorter 
bushes. Both among the bushes and in the pioneer- 
mat between them and the water, the mixture of 


species is surprising, since it included several char- 
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Fig. 4. Sketch-map of Cuyuna bog. Symbols as in 


Fig. 2. 


acteristic members of the moss-heath, although the 
pH values in the region appeared to be high; thus 
two samples gave values of 6.07 and 6.15. After 
careful examination, however, it seemed clear that 
there had been considerable interference on this side 
of the bog by the removal of large trees, whose 
stumps were still evident. This would be sufficient 
to explain the complexity of the area. 

On the other hand, along the transect AB, there 
occurs a series of vegetation zones which give the 
impression of being almost, if not completely, pri- 
mary in character. The pioneer-mat has formed a 
bridge across the center of the original lake; it is 
dominated by Carex lasiocarpa, though Typha occurs 
fairly frequently in the mat, and is especially abun- 
dant close to the water margin around the smaller 
daughter-lake. The pioneer-mat is succeeded by a 
moss-heath, and Sphagnum subsecundum, which ap- 
pears here as the earliest moss-heath invader, can be 
found widely distributed at the base of the Carex 
iasiocarpa shoots in the older parts of the pioneer- 
mat. At the time of study, it was very inconspicuous, 
since it was growing completely submerged. The most 
advanced Ericaceous member of the moss-heath is 
Vaccinium macrocarpon, which forms a conspicuous 
zone in association with Sphagnum magellanicum, S. 
recurvum and other Sphagna. Chamaedaphne be- 
comes dominant a little way behind the Vaccinium, 
and this zone is itself being actively invaded by 
Lariz. The bog-forest zone is wide here, with Larix 
still the sole dominant. The ground flora is domi- 
nated by Sphagna, and it is clear that the Sphag- 
num domination has been long continued, and cannot 
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be considered as a “surface skin” such as was de- 
scribed for the bog-forests at Cedar Creek and Lake 
Alice. This conclusion is based on samples taken 
with a peat borer at a spot in the Larix zone. The 
samples indicated a profile whose main features may 
be summarized as follows: 
Depth from 


Surface in Feet Nature of Material 


a. ie Fresh Sphagnum peat 

6- 9........More humified Sphagnum peat 

ot Seer Peat mainly of Calliergon cordifolium* 
tle | Seger ee: Mainly Monocotyledonous remains 
14-20........Marl, with organic matter present above, 


but lessening downwards 


Beyond the Larix zone lies a well-defined marginal 
fen, dominated by Alnus incana, with much Carex 
rostrata and a great variety of basiphilous species. 

pH values were taken from quadrats extending 
along the line AB, the distance between the two ex- 
treme quadrats being about 130m. Six samples were 
taken from each quadrat, and the mean is here re- 
corded. Some colorimetric estimations for the lake 
water were also made, and the mean is again for six 


samples. The results were as follows: 

pH 
Se Rr (OIOPENEITRS ) 565 65 64s cn ke sew aeons 6.7 
Carex lasiocarpa mat without Sphagna ........... 5.63 
Carex lasiocarpa mat with Sphagnum subsecundum 5.45 
Moss-heath (Vaccinium macrocarpon dominant) 4.72 
Moss-heath (Chamaedaphne calyculata dominant) 4.42 
Bog-forest (Larix laricina dominant) ............ 4.39 
PRRIROE SE Ga etickwss aes dks eean Samar beeen ee 6.03 


In the region labelled D, there is a forest type 
mature enough to show Picea as the dominant, but the 
zone is narrow and the ground flora is very mixed, 
probably owing to the influence of the base-rich 
ground waters of the wide marginal fen, which lies 
behind the Picea zone. This influence is shown by 
three pH readings, which gave values of 5.10, 5.40, 
and 5.75. 

Finally, at C there is a vegetation type which is 
almost certainly secondary in nature, the modification 
being induced by the removal of trees from the orig- 
inal bog-forest zone at that point. The effect has 
been to allow the moss-heath to develop to an extreme 
density, with deep cushions of Sphagnum, especially 
S. magellanicum, with S. capillaceum as a frequent 
dominant of the cushion summit, and a great abun- 
dance of Polytrichum strictum. Chamaedaphne is 
dense and the other Ericads are inconspicuous or 
absent. 


Pug Hole bog 

Pug Hole Lake lies alongside Highway 38, north 
of Grand Rapids, and its southern end has been 
overgrown by an extensive development of bog. Only 
the southernmost end of the open water of the lake 
is indicated in Figure 5. By far the larger area of 
the bog is moss-heath; bog-forest has not yet devel- 
oped to a great extent, and the dotted line MN 
roughly indicates the northward limit of the seattered 
tamaracks which are the bog-forest pioneers. 
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Fig. 5. Sketch-map of Pug Hole bog. Symbols as in 
Fig. 2. AB and PQ, positions of transects shown in 


Figs. 6 and 7, respectively. MN, approximate outer 
boundary of area of tree colonization. 


The pioneer-mat is formed by Carex lasiocarpa, 
and as at Cuyuna, Sphagnum subsecundum is abun- 
dant in the older parts of the mat. In June, 1947, 
the younger parts of the mat were submerged to a 
depth of about 3 feet. The moss-heath is everywhere 
dominated by Chamaedaphne, which is thick and lux- 
uriant, especially in the area north of the upland 
“islands” which stand out of the center of the bog. 
The appearance somewhat suggests that there may 
have been some burning over the bog surface, but 
there is also a strong suggestion that the bog surface 
has been much drier at some time in the recent past 
than it is at present. For instance, right at the 
water margin of the pioneer-mat is a fringe of bog 
birch and other shrubs, which are not likely to have 
begun their development there if the mat was as 
deeply submerged as it is at present. Again, the 
moss-heath is scattered with a number of dead young 
trees of Populus tremuloides and a few also of Pinus 
strobus. . 

Nevertheless, in spite of the obvious effects of 
recent (doubtless the work of the “dry 
thirties”), and possibly of burning, there is no reason 


drying 
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to consider the moss-heath as secondary in nature, 
and in fact the general succession exhibited is ex- 
actly that which was seen along the transect AB at 
Cuyuna. Figure 6 shows some data from a transect 
across part of Pug Hole bog, the line AB in Figure 
5 showing its position. In collecting samples for pH 
estimations, the peat was taken, as far as possible, 
from the sub-surface layers, say at about 10 em. 
depth; in Sphagnum-rich areas they were taken in 
the dead moss layer below the living surface. It was 
much harder to penetrate the tough surface of the 
sedge-mat peat, and therefore these samples were 
more superficial, though since the peat surface was 
submerged, it is unlikely that the readings would 
differ greatly from those of samples 10 em. deeper. 
The nature of the plant communities is illustrated by 
the presence or absence data for selected species, 
taken from the records of listed quadrats extending 
along the transect. The quadrats were worked on a 
different occasion, and hence do not coincide with the 
sites of pH samples. 

The gradual development of acid conditions may 
clearly be seen in Figure 6, and is associated with 
the rise in importance of Sphagnum magellanicum 
and other mosses in lesser quantities, until the field- 
Chamaedaphne 





layer is formed entirely of mosses. 
does not reach dominance until the Sphagnum cover 
is firmly established. 

The higher pH values of the marginal fen are 
shown also, but the abrupt transition is better illus- 
trated by the results shown in Figure 7, which gives 
pH values taken along the transect PQ, at the 
southernmost end of the bog, where the alder-fen is 
clearly defined and characteristic. 

Kerrick bogs 

Lake Margaret is a secluded spot, but easily acces- 
sible from the village of Kerrick, and the surround- 
ing bog is typical of many which may be found in 
Minnesota at the present time. It is characterized by 
the fact that the youngest bog stage consists of a 
floating moss-heath. Along parts of the margin of 
Lake Margaret, this mat is very narrow, as can be 
seen in Figure 8. Elsewhere it is wider, but it has 
everywhere the major components, namely 
Chamaedaphne and Sphagnum recurvum. Vaccinium 
macrocarpon and V. Oxycoccus are also frequent. 
The frequently occurring sedges are Carex 
paupercula and C. C. lasiocarpa if 
present at all is not conspicuous, and no inflores- 
cences of this species were found. 

In a number of places at the very water edge, 
there were occasional shoots of Typha and of Carex 
rostrata. The interest of this lies in the comparison 
with another bog about a mile to the south, which 
for convenience is here called Kerrick B. Here, in 
walking out across the bog from the upland margin 
toward the open water, one crosses first of all a 
moss-heath of dense Chamaedaphne with much Poly- 
trichum strictum—an indicator of the drying out of 
a bog surface—then across a sharp transition into a 
zone of Carex rostrata, twenty meters or more in 


same 


most 
oligos perma. 
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Distance in paces from zero of transect 
Fic. 6. pH values and occurrences of species in quadrats along the transect AB on Pug Hole bog. 








width, and finally to the youngest bog stage domi- 
nated by Typha latifolia. It therefore seems quite 
Moss - | \Marginal possible that the Lake Margaret bog may develop in 
A A the same way as that at Kerrick B. 

eal _! = The bog-forests at Lake Margaret are dominated 


by Picea mariana, and in the area lying westward of 





iE . 
Transit vont the S.W. corner of the lake, there is a mature stand 
/ | | of pure spruce which does not seem to have suffered 
from any removal of timber. The light intensity 
60F | | inside this stand is low, and the ground flora cor- 
| " respondingly poor. Larix is a relatively unimportant 
component, though it occurs throughout the fringe 
| | of bog-forest nearest the lake; there is no Larix zone, 
| | and in general, there are no early stages of the bog- 
forest to be found here. 
| The marginal fen is well shown, especially by the 


stretch of bog at the S.E. corner of the lake; on the 

















% 
se) 
2 
@ SOr ' ta 
4 ' west side it is being invaded and in places obliterated 
by the more acidiphilous communities which are 
a | | pushing outwards to the surrounding upland. 
q | In a patch of bog which stretches south from the 
lake towards Kerrick, there has been removal of 
| | timber, leaving a secondary moss-heath in which 
40F | | Ledum is the most prominent species. 
\ | Determinations of pH were made as at Cuyuna, 
T T t by taking six peat samples from each of a number of 
0 20 40 quadrats, and two colorimetrie determinations of the 
Distance in paces lake-water were made. The results were as follows: 
pH 
gg 7. pH valoce slong the transect PQ on Pug Hole 1. Lake water (colorimetric). Mean of 2 samples .. 5.0 
if 2. Moss-heath. Mean of 6 samples ............-- 4.30 
4.14 


3. Picea forest. Mean of 6 samples ...........-- 
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4. Marginal fen. Mean of 6 samples ............ 5.03 
Ro eemErG HOE>. SORE BAIR DIO 5 <-<.5-065010 00 oso obs 5.25 
6. Old Picea forest. Mean of 6 samples ......... 4,22 
7. Secondary moss-heath. Mean of 6 samples 4.02 


Sites 1 to 5 lay on a line running roughly S.E. from 
the lake margin to the upland at the S.E. corner of 
the lake. 

These figures make it reasonable to call this an 
“acid bog,” and, as in the Cuyuna Larix zone, the 
Sphagnum of the spruce forest is not a thin skin, 
but extends deeply. Samples were taken with a peat 
borer near the site of quadrat 3 in the series de- 
scribed above, and the peat profile so revealed may 
be summarized thus: 


Depth from 


Surface in Feet Nature of Material 


0- 5........Fresh Sphagnum peat 

Be Oy sina vce Sphagnum present, but Monocotyledon- 
ous remains frequent 

i Ge Highly humified peat passing down into 
organic mud with an increasing silt 
content 


Below 18....Sandy silt 


Evidently Sphagnum has played an important part 
in the succession at this locality. 


s « ® 


* 


AL 
Me 
~ a 5 
_ Fig. 8. Part of the water margin at Kerrick (Lake 
Margaret), showing narrow zone of moss-heath, with 
Chamaedaphne at the water edge. 
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Discussion 

There is clearly a great difference between Cedar 
Creek bog and Lake Margaret bog, yet the other 
examples form a bridging series from one to the 
other. It appears also that a succession from open 
water to bog-forest may occur, without involving any 
successional stage in which acid peat is formed, al- 
though one may recognize, to speak loosely, a “tend- 
eney” toward the development of acidity, so that even 
at Cedar Creek it is possible to find Sphagnum 
magellanicum in the Thuja forest. 

Nevertheless, the bogs may be considered as all 
belonging essentially to the same type, if one recog- 
nizes the factors which encourage the development 
of acidity, and realizes that these factors, singly or 
in combination, may vary in intensity. It matters 
little whether or not this idea is accepted, since it 
is merely a way of looking at the subject, but on the 
other hand there is some ecological importance in 
correctly recognizing the factors just mentioned. 
Thus, there are at least four conditions which en- 
courage the establishment of plants which form acid 
peat, and the subsequent spread of acidiphilous com- 
munities. These conditions are as follows: 

(1) When the waters of the lake are relatively poor 

in bases. 

If a bog succession begins in a lake whose waters 
are already fairly acid, the entry of acidiphilous 
phases of the succession will clearly be more prob- 


able. At Kerrick the lake-water had a pH of 5.0, 
in contrast with the value of almost 7.0 at Cedar 
Creek, and correspondingly the Kerrick succession 


has been markedly acidiphilous in character. Another 
bog, Lesser Tamarack, was of the same general type 
as Kerrick, and gave a pH value of 5.5 for its open 
water. 

The base-content and pH of any small lake will 
be determined by a complex of factors. It will de- 
pend in part on the chemical characters of the soil 
and rock from which the drainage water is derived; 
in part on the rate of inflow and outflow of water, 
and the relation of this to the total volume of the 
lake water; in part on the ratio between the water 
received from drainage inflow and that derived di- 
rectly from precipitation. Thus for example, one may 
contrast the state of Cedar Creek lake, which is 
small in volume end has both inflow outflow, 
with Pug Hole lake, which is large in area, and has 
no outflow. It would be of much interest to collect 
statistical data concerning on the one hand these 
topographical features of the lakes and the resulting 
pH values of the water, and on the other, the rela- 
tion of the pH values to the associated types of bog 


and 


succession. 

Some very interesting results given by Thiel (1930) 
provide some information concerning the variability 
of lake waters in relation to their calcium content 
and to other factors which determine whether or not 
the calcium shall be deposited as marl. Thiel gives 
a map of Minnesota showing all the localities from 


‘ 
which he recorded marl beds. The map shows two 
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regions of maximum density of such localities, the 
first lying across the proximal end of the Grantsberg 
sublobe of the young Grey drift (caleareous), the 
second lying north and north-west of Mille-Lacs on 
the young Red drift (relatively non-caleareous). The 
second area of concentration seems anomalous and 
Thiel brings forward other data and offers explana- 
tory hypotheses which need not be discussed here. 
The main point which is relevant is that the lime- 
content of the lake-deposits, and hence, probably, the 
pH of the lake-water, is not simply related to the 
nature of the glacial deposits immediately surround- 
ing the lake basin. Such a conclusion is of course 
what would be expected on the basis of the premises 
stated in the preceding paragraph. 

(2) When a pioneer-mat is large in area. 

This point again would require quantitative and 
statistical treatment to make it more than a sugges- 
tion, but it certainly seems the easiest hypothesis to 
explain, for instance, why at Cuyuna there should be 
acidiphilous communities on some radii and not on 
others. A study of this bog strongly suggests that 
where the pioneer mat has spread rapidly and is 
wide, the central parts of it have been shielded from 
the direct influence of the lake water, but that where 
the mat is narrow, the acid-forming Sphagna have 
been excluded by the free access of water with a pH 
above 6.0. It seems likely that the extensive moss- 
heath of Pug Hole bog has been encouraged in the 
same way. 

(3) When partial drying of the pioneer mat has 

occurred, 

The surface of a pioneer-mat tends to rise higher 
than the water table level by the natural processes of 


peat accumulation, but it may suffer a relative rise 
in much less time if the water level falls for any 


reason. To an ecologist, these bogs all bear the 
strongest impression of fluctuating water levels im- 


posed on the general successional development of the 
vegetation. This will be discussed in its broader 
aspects later in this paper, but the relevant point 
here is the application of this idea to explain the 
frequent occurrence of the Kerrick (Lake Margaret) 
bog type, where the Chamaedaphne association forms 
the vegetation zone nearest the water. In these bogs 
there is no evidence that Chamaedaphne can act as a 
pioneer-mat former; in fact, the youngest shoots of 
the plant are always found away from the water 
margin. Gates (1942) states that “the association 
does not readily extend out into open water because 
the plants of Chamaedaphne are slightly heavier than 
water, consequently must be held up.” 

Pearsall (1938) has described for British peats 
the acidifying effects of drying and consequent oxida- 
tion, and the phenomenon is of course generally rec- 
ognized. It is, therefore, only reasonable to seek an 
explanation of these marginal Chamaedaphne zones 
by considering them as relics from the dry years of 
the nineteen-thirties, when water table levels must 


have fallen over the whole region. 


The 


work of Buell and Buell (1941) at Cedar 
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Creek bog gives a quantitative illustration of an 
actual fluctuation in water level in this region. They 
traced the recovery from a minimum level in the fall 
of 1934, the level in the fall of 1939 being over two 
feet higher. 

It is worth considering the figures for total annual 
precipitation for Minnesota since 1886; these are 
graphed in Figure 9. From them it is clear that the 
“dry thirties” were only the culmination of a long 
downward trend of average precipitation level, a 
trend which started about 1905. This long period of 
falling average must have been widely reflected in 
gradually sinking water tables in many of the smaller 
lakes of the region, and it is easy to see how the 
moss-heath species could have increased their rate of 
spread into the drying and hence increasingly acid 
pioneer-mats, until the latter were completely oblit- 
erated. The normal types of pioneer-mat have in 
most cases not yet re-established themselves in spite 
of the rise in precipitation rates since 1935, and this 
may be taken as an example of the inevitable time- 
lag between change of conditions and vegetational 
response. It looks very much as though Kerrick B 
is an exception to the generalization just stated, since 
it shows such an abrupt transition from old moss- 
heath to Carex rostrata and Typha zones, but unfor- 
tunately no data are at hand to confirm this idea. 
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Fic. 9. Average annual precipitation values for Min- 
nesota from 1886 to 1946 (from the U.S.D.A. Weather 
Bureau reports). 


(4) When trees have been removed in the early 

bog-forest stage. 

Sphagnum and Ericaceous species (especially 
Ledum), are normal components of the ground flora 
of the bog-forest, and the removal of the shade of 
the trees encourages both these groups to a marked 
degree. Thus the most extensive and dense areas of 
Chamaedaphne and its associates are usually found 
alongside roads and highways where burning or tim- 
ber removal have obviously occurred. It is in areas 
such as these that peat samples with the lowest pH 
values are found, as for example at Kerrick (mean 
value 4.02 in the secondary moss-heath) and Cuyuna 
(values of 4.20 and 4.08 in the Sphagnum peat of 
the region labelled C in Figure 4). 

Presumably this factor is effective only in inereas- 
ing acidity and not in initiating the change from 
cireum- or sub-neutral conditions to acid conditions. 
In other words, acidiphilous species must already 
have been established before they can be encouraged 
by increased light intensity. Thus, for instance, in 
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many parts of the Cedar Creek Thuja forest where 
the ground flora is entirely basiphilous, it is doubtful, 
to sav the least, whether Chamaedaphne, or even 
Ledum, would become dominant on the cutting out of 
the Thuja. This type of ground flora in the bog- 
forests is, however, probably less common in central 
Minnesota, so that, broadly speaking, it is legitimate 
to consider tree removal as a factor which promotes 
the accumulation of acid peat. The phenomenon is 
of some interest in comparison with the parallel cases 
in Europe where removal of forest cover has led to 
the dominance of Calluna vulgaris. 

Having now described the factors which appear to 
be mainly operative in the central Minnesota area, 
the work of Kurz (1928) on certain bogs in Michigan 
must be considered. His data are concerned mainly 
with the part played by Sphagnum in bringing about 
acid conditions, but his discussion deals with rather 
wider aspects of bog ecology. Later on in this paper 
an account will be given of the results on pH ranges 
of Sphagnum in the Minnesota bogs; these results 
fall in exactly with those of Kurz. Moreover, the 
writer concurs in the general discussion given by 
Kurz, as far as he goes. He says “the relation be- 
tween the initial reaction of the free water and of 
the mat to the establishment of Sphagnum is still 
moot and needs more data.” The present discussion 
has aimed at pushing analysis a little farther than 
has been attempted by Kurz. 

The fourth factor described above may be omitted, 
as being in a different category from the other three, 
since it only encourages and does not initiate the 
development of acid peat. The first three factors, 
however, may really be considered as exhibiting dif- 
ferent aspects of one general principle. This prin- 
ciple is that while Sphagnum may begin to grow in 
a medium which has a pH higher than the optimum 
for the species concerned, it cannot become dominant 
unless protected by some means from the continual 
access of water with a pH value much above the 
optimum. In other words, either the lake water must 
have a relatively low pH value to start with, or it 
must be kept out of contact with the incipient col- 
onies of acidifying Sphagnum, whether by the barrier 
of a large extent of pioneer-mat, or by the sinking 
of the water table to a sufficient depth below the peat 
surface. 


THE BOG COMMUNITIES 


THE PIONEER-MAT 

As the name itself implies, it covers the associations 
forming the floating mat which is the active agent 
in the process of “verlandung” in these lake hydro- 
seres. There are of course, plant communities which 
colonize the lake water before any floating mat is 
formed, for instance, associations of Potamogeton 
and Nymphaea species, but it may well be doubted 
Whether such associations are essential members of 
the hydrosere. 

Of the various types of pioneer-mat observed in 
these studies, the one dominated by Carex lasiocarpa 
is by far the most common. This appears to be the 
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‘ase in many of the bog areas of the northeastern 
U.S.A., and hence the name “sedge-mat” is frequently 
used in the literature as a general name for the 
earliest bog-forming however, what 
inay be called the “functional importance” of the 
pioneer-mat in the hydrosere is the same whatever 
the dominant species, it seems useful to use a 
elastic name in general discussions of the successions. 


Since, 


stage. 


more 


One of the less common pioneer-mat formers in 
our area is Decodon verticillatus. Where it flourishes, 
it forms a dense tall growth and other species form 
a very small fraction of the total mass of vegetation. 
The best examples of a Decodon mat were seen at 
Stacey A and B, where there were complete zones 
surrounding the lakes. At Cedar Creek bog the 
Decodon is only dominant in one part of the bog, 
and appears to be recovering from a phase during 
which it has not been important. 

Typha latifolia is the dominant of an extensive 
mat at Kerrick B, and is probably colonizing open 
water in places at other localities, for example Cedar 
Creek, Floating Bog (Lake Itasca) and Cuyuna. 
Carex prairea is abundant in the mat at Cedar Creek, 
and appears to be the dominant of the mat at Grand 
Rapids C. 

No details were studied for the minor types of 
pioneer-mat just mentioned, but the Carex lasiocarpa 
mats were more closely studied, and Table 3 gives 
frequency estimates obtained from quadrat lists. Al- 
together 50 species were recorded from the 48 quad- 
rats, but only 35 are given in the table, which 
excludes any species with an average percentage of 
less than 10, unless it had a percentage of over 20 
in some one locality. The species listed are divided 
into the three groups A, B, and C, on the basis of 
general experience of Carex lasiocarpa mats in this 
region as a whole. Within each group they are 
placed in the order of their total frequency. 

It is worth noting that the total number of species 
is much larger than that recorded by Woollett, Dean 
and Coburn (1925) for the sedge-mat of Smith’s bog, 
Michigan, where from over 1,000 quadrats they listed 
It seems likely, since their data 
showed Dulichium arundinaceum with a frequency of 
37 percent, that their sedge-mat was much younger 
than most of those which are here described. The 
only young stages in the Minnesota area—as judged 
by water-table level—were those at Cuyuna and Pug 
Hole. Even these were not widely different from 
the rest in floristic composition, and it is the general 
impression of homogeneity of these sedge-mats 
throughout the area, which justifies the presentation 


only 29 species. 


of an average percentage value in the last column 
of Table 3. 

In addition to this floristic uniformity, there is 
nearly always a fairly abrupt transition between the 
pioneer-mat and the older seral stage which adjoins 
it. These two observations support the idea that 
favorable conditions for mat growth are not always 
present, but that when they do oceur, growth may 
be rapid for a time, and then cease altogether for 
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TABLE 3. Frequency data for the species of Carex lasiocarpa mats. 
| | 
Twin |Float- | Twin | 
SUE RO er Rees Pein Sel ONG ro el sc oe Pug | Lakes | | ing | Lakes | Tota 
Hole A | Bog] F 
Number of quadrats. . . . 8 10 | 20 | 10 | 48 
| Carex lasiocarpa Ehrh. var. americana Fernald....................... 100 100 100 | 100 ‘100 
ae a ore ee eee a eee 70 90 | 70 57.5 
Menyanthes trifoliata L. var. minor ta oo 80 | 100 | 40 | 55. 
= NE I te ee te chs hse cess ae Sealey x | 40 40 | 20 60 | 40 
= eS re 2 | | 90 10 98 
E | Bquisetum fluviatile L....... 2... 2... eee eee eee eee eee eee 100 Pe ee 10 27.5 
= &| Calamagrostis canadensis (Mic SSE ETE TEND 40 70 .. | WS 
= +)| Salix pedicellaris Pursh. var. hypoglauca Fernald.............. | 10 90 : | 25 
= >| Scutellaria epilobifolia A. Hamilton........ Cee EST eeue ee es | 5O | 20 17.5 
© &| Calliergon cordifolium* (Hedw.) Kindb...................0.0.00005- | 40 30 | 17.5 
rege III TEEN or cb aslo cos ie sas o.s Sve Sheu DSa'ei0e Sle sess 60 ae 15 
Hypericum virginicum L. var. . Fraseri (Spach) Ee Sse eee 
NR DT reek ee seg Bl ot Sins wien cle a cube oe sheaves | 30 | | 10 | 10 
ee IR OO Uae nics caked debe the sdebes sees 30 | a 
| R 
> al alee it | | | | 
= & IE UE re ogo han ess Pas sinuil abien.s.o Sk nae bw <a ft ao | 12.5 
ites ONTO SRUPTEMENIE RERWID 55 5 5 soo osc ao ooo oe os woes nee asvswesesencioss 40 | 10. 
~ § & Dulichium arundinaceum (L.) Britton. ............... 0... c cece cece eee eee 25 | 10 | 9 
as | | 
Drepanocladus aduncus (Hedw.) Warnst. var. Kneiffii (Bry. Eur.) Ménkem 80 85 | 90 64 
SRNR UT EERIROI MERINO oc rc bows 5 ies wibie «sic emi Sieala.d Sieravn oe ose 80 75 | 5&O 51 
ee RTM te aie S hb sei oe ok «5 ba sl ales aa o'b.6's8 wiaie 30 | 75 90 49 
EN nc ote ra aig. g eign Vie wid mI ine Sap la la wala wl ae 60 55 | 70 46 
eS Galium trifidum L........... 80 ... | 100 45 
&| Drepanocladus aduncus (Hedw.) ) WwW arnst. var. - typicus (Ren. ) Wynne. * 40 45 80 41 
 $| Viola pallens (Banks) Brainerd............ PUM ene ot ohne Sows obs 70 70 35 
z | Epilobium leptophyllum Raf......................22000005- 10 45 7 31 
&3 Sia UN Rh oe eh Sigrid sw 3s Gin ss 5b. Siglo im Si ssa 70 30 20 30 
Goo Pra 70 25 20 29 
S| Triglochin maritima L.. . Ree ec rh abi ee eG wtik s S53 40 75 ; 29 
3 5| Muehlenbergia racemosa (Mic ee ee 10 25 50 21 
es SS 8) Oe 30 : 40 17.5 
tS) Scheuchzeria palustris L. var. americana IEE MOSSE 10 50 15 
“ | Drepanocladus vernicosus* (Lindb.) Warnst.................... 10 40 12.5 
O UOC er iN re ee eri ees gir ibs seieibiicls o's Sins Sed leu 40 10 
| Dryopteris thelypteris (L.) A. Gray var. “pubescens (Lawson) Pts 30 7.5 
ee —_—__—— —_——_ = — | 1 
another period of years, until favorable conditions which have been discussed already. Another very 


occur again. 


THE Moss-HEATH 

A Chamaedaphne association is the most common 
type of moss-heath in the area, and the chief mosses 
accompanying the Chamaédaphne are always, as far 
as observation went, Sphagnum recurvum and S. 
magellanicum. However, as has been described al- 
ready, Andromeda and Aulacomium palustre were the 
main components of the Lake Alice moss-heath, and 
Vaccinium macrocarpon with Sphagnum subsecundum 


formed the younger zone of the moss-heath at 
Cuyuna. 

Table 4 gives frequency data from quadrat lists 
taken in Chamaedaphne-Sphagnum associations at 


three different localities, and though the three were 
not precisely similar, it is convenient to show the 
average percentages, since these do express the gen- 
eral floristic character of the Chamaedaphne asso- 
ciation of this region. The Kerrick moss-heath does 
not appear to have suffered from burning, and is a 
type of common occurrence at present, for reasons 





good example may be seen at Grand Rapids B, just 
east of Pug Hole. The moss-heath at the latter place 
may have suffered slight burning, and is of a thicker 
and drier type with much Polytrichum strictum. This 
species is a normal component of the moss-heath, but 
remains in small quantity, unless the bog surface 
suffers burning or considerable drying, in which case 
Polytrichum strictum becomes very conspicuous. Les- 
Tamarack bog is of the same general type as 
Lake Margaret, but there is some evidence that trees 
have been removed and that the rather extensive 
moss-heath is secondary in nature. 


Table 


ser 


shows a clear justification for the name 
“moss-heath,” since, with only one exception, every 
species with an average frequency over 20 percent is 
either a heath or a moss. One qualification must be 
made, however, which is that Carex lasiocarpa may 
oceur, as a relic of the pioneer-mat stage; it octurs 
in fact with an average frequency of 32 percent. 
This and other relics of the pioneer-mat are not 
included in Table 3. Apart from Carex lasiocarpa 
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Taste 4. Frequency data for the species of moss- 
heaths. 





Kerrick Lesser 
Locality . (Lake Pug | Tama- | Total 
Margaret )} Hole rack 

ad ~ ‘Numbe r of quatrats, 50 38 “20 108 
ininaliine calyculata (L.) Mecnch. 

var. angustifolia (Ait) Rehder...... 92 95 100 | 94 
Sphagnum recurvum Beauv.......... 98 | 68 100 88 
S. magellanicum Brid................. 30 | 9 | 80 | 62 
Polytrichum strictum Banks........... 14 97 | 100 | 59 
Vaccinium Oxycoccus L.. . a deten aie 65t | 39 |S 10 54 
Aulacomnium palustre Schwaegr.........| Mes | 68 55 34 
Andromeda glaucophylla Link.......... 122 | 4 50 31 
Carex oligosperma Michx........... a a ae 26 
Polytrichum commune L.............-. 36 18 10 25 
Kalmia polifolia Wang.............. 28 16 5 19 
Carer paupercula Michx................| 36 | .. es 17 
Spiraea tomentosa L. var. rosea (Raf.) | | 

Fernald... . . Fe I eee Pee Geo ae 17 
Sphagnum capillaceum (Weiss) Schrank. . 2 | @B | 38 16 
Eriophorum virginicum L..............- 26 | 5 5 | 13 
Betula pumila L. var. glanduli; fone Regel. | | @ | | 9 
Drosera rotundifolia L................. | _ Doe 50 | 9 
Ledum groenlandicum Oeder..... . | 12 | 5 | 7 
ae 2a eee 
Pleurozium schreberi (Brid.) Mitt.*......| on | 5 | 30 | 4 
Calliergon stramineum* (Dicks.) Kindb.. | 12 «| | | 6 
Vaccinium macrocar pon Ait.. Se 8t | | | 5 
Dryopteris spinulosa (O. F. Mueller) | | 

MR Atk edn/ciscere ae | 2 | 8 5 | 5 
ieee purpurea L. bc hasien aku paleo | 2 | 3 | 2 





{Out of 20 quadrats 


none of them has a frequency above 15 percent. 

The low frequency of Vaccinium macrocarpon may 
seem surprising, since it is well known as being 
highly characteristic of acid bogs. The explanation 
probably lies in the fact that it is a pioneer species 
of the advancing moss-heath, and becomes crowded 
out in the mature stages, so that random sampling 
of a large moss-heath area is not likely to give high 
frequencies for this species. 

Betula pumila var. glandulifera is included as a 
member of the moss-heath community, although its 
ecological status does not seem clearly definable at 
present. It may in some cases form a zone in which 
it is itself dominant; such a case was seen at Cuyuna, 
but there was every appearance here that the domi- 
nance of the Betula followed secondarily after the 
removal of bog-forest trees. Gates (1942) recognizes 
it as a dominant of a “High Bog Shrub” association 
in Michigan bogs, but in the Minnesota area it accords 
better with general observations to retain it as a minor 
associate of both the moss-heath and the bog-forest 
stages. 

Lastly, we may note the small number of species 
with frequencies of 25 percent or over—9 are given 
in Table 4, and Carex lasiocarpa would make the 
tenth. This figure, compared with that of 19 from 
the sedge-mat data of Table 3, must be a reflection 
of the relatively high acidities of the surface peat in 
these communities, which exclude all but the small 
number of acid tolerant species. 
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A superficial survey of a large number of bog- 
forests might lead to the conclusion that they show 
marked variations in type. Thus, for example, the 
mature stage may be dominated either by Thuja or 
Picea; the ground flora may present a considerable 
variety of aspect and the indications of final climax 
stages may differ from each other. 

These variations do indeed exist, but just as with 
the successions as a whole, so with the bog-forests, 
it is impossible to classify them into separate types, 
for they grade into one another in such a way as 
to defy classification. It is, therefore, easier to dis- 
cuss the characteristics of the bog-forest considered 
as a unity rather than as a number of discrete types, 
though for convenience the different stages of ma- 
turity may be considered under separate headings. 


(1) Invasion stages 

Good examples of forest invasion may be seen at 
Pug Hole, Cuyuna, Lake Alice and Foating bog 
(Lake Itasea). The successful invader is always 
Larix laricina. At first, only a few of the invading 
seedlings survive to maturity, and these isolated indi- 
viduals long remain conspicuous. The Lake Alice 
bog illustrates this point very well. Later, however, 
there seems to be a “mass invasion,” and the southern 
end of the Pug Hole moss-heath seems to be at just 
this stage at present. Nevertheless, even an invasion 
of this kind does not guarantee that bog-forest is 
finally established, for it is possible to find places 
where a whole zone of young tamaracks has died. 
Such a case is illustrated in Figure 10, which is taken 
in the marginal zone of the bog-forest of Floating 
bog. The trees, which are here shown dead, form a 
small part of a zone of invading tamaracks, which 
in 1939 were alive and flourishing, and fringed the 





Fic. 10. Zone of dead tamaracks between the bog for- 
est and the pioneer-mat at Floating bog, Itasca Park. 
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bog-forest nearly all the way round. In 1947 all the 
trees of this zone were dead. This can almost cer- 
tainly be attributed to rising water levels in the bog 
though the data needed for proof are not available. 
Very much the same can be seen at Cuyuna in the 
moss-heath outside the Larix forest. Here a new 
invasion has already begun, as shown by the quite 
young saplings (up to 8 feet high) which are fre- 
quent among the taller dead trees. 

In spite of such set-backs however, the establish- 
ment of bog-forest appears to depend solely on the 
ultimate success of Larix in the invasion zone. Thus, 
although huge numbers of Thuja seedlings are found 
inside a Thuja forest, during the whole of a year’s 
field work only one seedling of Thuja was ever seen 
outside the margin of a bog-forest (and this one, 
oddly enough, was at Pug Hole, where there is no 
mature Thuja forest in the immediate surroundings). 
Again, while Picea seedlings and saplings may some- 
times be found on moss heaths or pioneer-mats out- 
side the bog-forest, no instance was observed in 
which this species appeared to have established, or 

be establishing, a primary bog-forest without the 
interposition of a Larix phase. Apparent exceptions 
to this may be seen where Picea is regenerating in 
an area of secondary moss-heath. 

This difference between Picea and Larix in their 
capacity for invasion may be tentatively explained in 
terms of two physiological differences, shown by the 
two species in the early stages of the life-history. 
One is that the root systems of Larix seedlings are 
tolerant of a greater degree of submergence than 
those of Picea seedlings. This difference is indicated 
by the data in Figure 11, though obviously the latter 
are statistically inadequate. General observation sug- 
gests that such a difference could be experimentally 
demonstrated. The other feature is a difference in 
growth-rate which may easily be deduced by examin- 
ing the annual rings in stems of young Picea and 
Larix of the same height, or by comparing the ring- 
widths in stems of the same diameter. Thus to take 
an example, a Larix tree of 14 feet in height was 
17 years old; a Picea tree of 17 feet in height was 
137 years a 

The results expressed graphically in Figure 11 
were obtained in the moss-heath zone at Pug Hole, 
in the region of active forest invasion. One may 
conclude from these data that the roots of the bog 
birch may remain alive at a much greater depth of 
submergence, and that its shoots show a more rapid 
growth in height in the first 4 years, when com- 
pared with the main bog-forest species; it also 
appears that Abies seedlings make slower growth 
than those of Picea and Larix, and that their tap- 
roots are more deeply penetrating. The older ones 
among these Abies saplings probably germinated dur- 
ing the period of lower water table already discussed, 
and are now suffering from the killing of large parts 
of their root systems by rising water levels. Signif- 
icantly also, their shoots in many eases are being 
smothered by a luxuriant growth of Sphagnum. 


Verona M. 
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Fig. 11. Diagram to show the data collected at Pug 


Hole bog for ten seedlings of each of four species. Each 
drawing shows the total length of root and shoot and 
the relation to the soil surface (horizontal are) and water 
table (w.t.). Where the root ends in an interrupted 
line, this indicates that only part of the root system 
was dug out of the ground. The horizontal hatching of 
the root axis represents the depth to which the roots 
were still alive. The numbers give the age of the seed- 
ling as derived from ring-counts. Vertical scale 1/40 
natural size. 


(2) The mature bog-forest 

While it seems that Larix never remains perma- 
nently as the bog-forest dominant, it may be a long 
time before it is finally ousted by either Picea or 
Thuja. It is generally stated that Thuja will not 
grow on acid peat, and this certainly holds good for 

central Minnesota, where the species was never found 

on a bog where there was evidence that a moss-heath 
stage might have occurred. On the other hand, the 
behavior of Picea is not by any means the converse 
of that of Thuja, since Picea forests were common 
in bogs without any trace of previous acid stages, as, 
for example, at Hinckley and at places in Itasca 
Park. Moreover, Picea and Thuja sometimes occur 
as codominants. 

On the whole, Picea forests seemed to be of much 
more frequent occurrence than Thuja forests, and for 
this reason it was easier to find examples which 
showed the successional history of the forest. Two 
studies were made in the Itasea Park region, to pro- 
vide illustrations of this “historical structure.” 

The first was carried out at the Lake Alice bog, 
and the results are shown in Figure 12. The pro- 
cedure was to mark out a line from the pioneer-mat 
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Fig. 12. 


Results of a transect made across the bog communities at the Lake Alice bog. The girth at breast 


height is recorded for all the trees within each strip of five paces in length and two paces in width, along the 


length of the transect. 


through the forest zones to the bog margin and then 
to work along the line measuring girths of trees (at 
breast height) and noting saplings, for consecutive 
strips of five paces (approximately yards) along the 
line, and two paces wide. Thus a crude belt transect 
of the forest was obtained, and since the diameter 
(and hence girth) of trunk will be roughly propor- 
tional to age for any one species, the resulting dia- 
gram gives a picture both of tree density and of 
age-class for the different species along the transect. 

Reading the diagram from right to left, one may 

distinguish : 

(1) the moss-heath zone, with saplings of both 
Picea and Larix. As already described, this 
zone contained a few isolated mature tamaracks, 
but none occurred on the transect. 

(2) a wide belt of Larix the dominant, 
with some mature spruce trees in it, and an 
abundance of spruce saplings. 


but 


as 


(3) a zone of spruce dominance, without any live 
tamaracks, and 
(4) a zone of invasion by Abies balsamea. 
The successional story speaks for itself, but the 
ecological difference between Larix and Picea in re- 
spect to shade tolerance of the seedlings is worth 


emphasizing; the complete absence of Larix repro- 


duction inside the forest is really striking. The other 
point of importance is the relatively abrupt transition 
between the zones. 





Any young tree between 6 inches and 6 feet high is recorded as a sapling. 
i g 4 


Figure 13 gives the second set of data, taken this 
time from Twin Lakes F. The successional story is 
the same, but caught, so to speak, at a slightly dif- 
ferent phase. Here again there is Picea invasion 
into the Larix zone, but no Picea saplings have 
vet reached maturity. Correspondingly, the Picea 
zone included in it a few still living Larix trees, tall 
and old, of which only one occurred on the transect. 
Abies again dominates the oldest stage, though there 
Fraxrinus nigra is also colonizing actively. The Pinus 
strobus which formed the starting point of the tran- 
sect is growing at the junction of bog and upland; 
there was no marginal fen here. 

The sedge-mat of this bog was complete, leaving 
no open water, and in it were a few Larix saplings. 
These may be seen in Figure 14, just projecting from 
the sedge-mat vegetation, and one occurred on the 
transect. The extremely abrupt margin between 
bog-forest and sedge-mat is clearly shown in this 
photograph, and as at Lake Alice, the forest zones 
themselves are clearly demarcated. 

The characteristics of the ground flora may be 
judged from Table 5, of which the first two lists 
give the species most commonly occurring in the 
mature bog-forest. In each list the species are 
placed in order according to the sum of their per- 
centages, and no species is given which has a sum 
lower than 17.5. The separation into these lists is 
based on general field experience of the species con- 
cerned, and although it is arbitrary, since a species 
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Fig. 13. Transect across the bog-forest at Twin Lakes F (Itasca Park), made as described for Fig. 12. 


placed under one heading might also be placed under 
another, it puts the frequency data in the most con- 
venient way. 

Perhaps the most noteworthy feature is the broad 
distribution and high frequency values of the more 
acidiphilous species; such data form the basis for the 
previously expressed idea that there is a strong 
“tendency” toward the development of acidity even 
in apparently non-acid successions. 

List F gives data on tree seedling frequencies and 
bears out the conclusions which may be derived from 
the frequencies of saplings in the transect data. In 
particular, Larix seedlings were not once recorded 
in the bog-forest quadrats. A further point of note 
is that Thuja seedlings were absent in the Boutwell 
Creek bog, although Abies seedlings abounded. The 
tree cover was thin in this area, due to earlier re- 
moval of timber, and it may be that the light inten- 
sity was too high for the reproduction of Thuja. 
Certain other species of the ground flora here were 
also anomalous, in the sense that they were not 


found in any other bog-forest and are characteristic 
members of the neighboring forests on mineral soils. 
The species concerned were Carex pedunculata Muhl., 
Dryopteris phegonteris (L.) C. Chr., Ribes triste 
Pall., and Hylocomium triquetrium* (L.) B. & S.; 
they have not been included in Table 5. 


(3) The latest stages 


From the data given in Figures 12 an. it 
appears that Abies balsamea will probably e 


the forest dominant in succession to Picea at 
localities concerned, and the same could br sai- 
many other Picea forests. Abies is also inva ling the 
mixed Picea-Thuja forest which occurs at Grand 
Rapids C. However, at Kerrick B there was a good 
growth of Pinus strobus and ‘Betula papyrifera on 
peat, and at Floating bog, and other localities also, 
Fraxinus nigra is an important component of the 
oldest bog-forest. The question of the ultimate climax 
of the bog succession is a large one, and could not 
be studied in the time available. It must suffice to 
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say from superficial observation that possibly many 
bogs in central Minnesota may end by carrying an 
Abies balsamea climax similar to that so widely oceur- 
ring in the northern coniferous forest region. There 
is, on the other hand, little if any evidence that the 
other main climax of central Minnesota—the Maple- 
Basswood type—will ever establish itself on bog sites. 





THE MarGinaL FEN 

Although this community is characteristic of bogs 
in general, and clearly recognizable when it is pres- 
ent, it is very variable, and hence cannot easily be 
described in general terms, nor illustrated by the 
description of typical examples. This variability is 
partly due to the marginal position which makes it 
liable to disturbances and alterations through human 
activity. Thus for example, in long established mar- 
ginal fens, fine trees of Fraxinus nigra may be found, 
but these are often cut out. Again, it is not uncom- 
mon to find that ditches have been dug between the 
upland and the rest of the bog. Another practical 
difficulty for a research worker comes from the ex- 
tremely awkward and treacherous nature of the 
ground, and the frequent dense growth of alder 
thickets. For these reasons it was not possible to 
make adequate frequency studies in the time available. 

Alnus incana is the most characteristic species, but 
may sometimes be absent through cutting, or perhaps 
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14. View across the completed sedge-mat at Twin Lakes F, to illustrate the abrupt margin of the bog- 
Carex rostrata is abundant in the foreground, but most of the mat is formed by C. lasiocarpa. 


burning, and also when Frawinus nigra becomes domi- 
nant. A very good example of marginal fen with 
dominant Fraxinus may be found along the west side 
of Hinckley bog. 

The ground flora varies considerably, according to 
the density of tree or bush growth, but very com- 
monly has Carex riparia as the most important spe- 
rostrata is sometimes abundant, and a 
great variety of other sedges could be listed. Calama- 

and Glyceria canadensis are 
with a long list of basiphilous 
Viola 


cies. Carex 
grostis canadensis 
frequent, together 
hygrophytes, such as Impatiens biflora and 
pallens. Bryophyta are varied in species, but not 
important in volume. 

Early stages of the marginal fen region would be 
interesting to see, but are naturally not easy to find, 
since it is the oldest region of any bog. However, 
at Pug Hole, where the bog is extending up the 
length of a narrow lake, instead of growing centrip- 
etally, as more there are young 
stages of marginal fen between the Carex lasiocarpa 
mat and the upland boundary of the bog. The tran- 
sect shown in Figure 6 crossed the zone, which has 
been labelled “marginal caricetum,” since Alnus is 
not yet established there. The zone is narrow in 
most places, commonly about 8 to 10 feet wide, and 
is dominated by mixtures of sedges; the most com- 


usually occurs, 
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TABLE 5. Frequency data for the species of bog-forests. 
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OO Se aa eS ee eee eee Lake Cedar Lake Twin | Boutwell 
Cuyuna; Alice Hinckley; Kerrick | Creek Alice | Lakes F! Creek 
oe ee Early to Mature 
Early | Mature | Mature | Mature | to Late Late Late Late 
Ee ee ee Larix Larix Picea Picea Thuja Picea Picea Thuja 
Number of quadrats............... 10 7 40 40 40 12 10 12 
A. Species found throughout the bog-forest, | | | 
but tending to diminish or disappear | | 
in the later stages. | 
Sphagnum recurvum Beauv.................+-- | 80 86 100 95 12.5 25 90 33 
> ee eer | 100 57 37 100 40 33 30 25 
Ledum groenlandicum Oeder...............+.: | 10 | 100 77 57.5 20 75 10 25 
Aulacomnium palustre Schwaegr............... mar, | 70 60 7.5 30 33 | 60 | 25 
Vaccinium Oxycoccus L..............020cccee 80 70 67 4 fe: 5 16.5 | a | 8 
Pleurozium schreberi (Brid.) Mitt.*............ | 30 i 22.5 32.5 17.5 33 50 | 25 
Mnium rosiratum* Schrad....................- (ees eee 12.5 27.5 8 80 | 75 
Smilacina trifolia (L.) Desf.................... : } 14 67 47.5 2.5 40 | 16.5 
Dryopteris Thelypteris (L.) A. Gray var. | 
pubescens (Lawson) A. R. Prince............ ie ee 50 | 2.5 62.5 | 40 
oo 3 ok” Se ee oe 14 25 ke 60 10 25 
Res SINE EOIN os inves cng cee beds 05.0005. | 10 30 55 10 5 ss | 60 8 
Brachythecium rutabulum* (L.) B. and 8........ 20 ~=~«| 14 5 25 8 | 30 16.5 
Hypnum patientiae* Lindb.................... _— 14 2.5 5 16.5 | 
Lonicera villosa (Michx.) R. and S............. Yan 4 ee 32 10 32 oe 
Climacium americanum* Brid.................. — 14 ‘ 20 8 20 25 
Camptothecium nitens* Schimp................. es | 14 27.5 : 2.5 40 
Dicranum undulatum* Ehrh................... | 2@ | £ 12.5 7.5 oe - 
Carex brunnescens (Pers.) Poir...............-| 9 «- < 5 | ; 5 60 8 
ee re | 20 5 42.5 rk 
Calliergon cordifolium* (Hedw.) Kindb......... .| | 22.5 17.5 | | 20 
Barnapense purpurea bs... . . .<. 0. ee ccc csn ees - % 57.5 con Ya ae 
Sphagnum plumulosum* Roll.................. a oo - a 3s | @ a 
de See ase 37 o 2.5 i sisge 16.5 
Polytrichum strictum* Banks.................. ae 38 5 20 - 
Sphagnum capillaceum (Weiss) Schrank......... 10 —— 30 se 7.5 = 
Pohlia nutans* (Schreb.) Lindb................ fea ae : 15 5 8 
a EA - | i 27 <6 
Polytrichum commune™ Tu... . 0. cece eee 10 | me: 17 
| 
B. Relics of pioneer-mat and moss-heath 
Chamaedaphne calyculata (L.) Moench. var. | 
angustifolia (Ait) Rehder................... 100 29 2.5 2.5 fie 
ee 4 Se eee ee 14 72 a 4 aD 
Betula pumila L. var. glandulifera Regel........ | 40 43 = 8 | _ 
Potentilla palustris (L.) Scop...............+.. eee 15 : | 30 
Eriophorum virginicum L................0+0+: | 60 5 > 5 
Carex lasiocarpa Ehrh. var. americana Fernald. .| 50 14 bs - | ee 
Menyanthes trifoliata L. var. minor Raf......... ts 14 27.5 ; 2.5 | © 
ees OE WOME... 2505s. ce stcccece] SD ne a 2.5 ARS ee 
Andromeda glaucophylla Link................. i; 10 | 2 en 2.5 8 | 
Come pemperrmie BAMNK.. S..: no cece ees Rea ian eae 35} 
Drepanocladus vernicosus* (Lindb.) Warnst..... . | a | 28 
Sphagnum subsecundum Nees.........:......- | 20 | es | 
Drepanocladus aduncus (Hedw.) Warnst. var, | .. | .. 10 | 10 
Kneiffii* (Bry. Eur.) Ménkem. | | 
C. Species characteristic of the later stages. | | | 
ee een 7.5 25 100 100 
Thuidium delicatulum* (L.) Mitt............... | 47.5 | 8 | 90 58 
I TE ok ns oss Ko sede seers Pee - 2 a 16.5 90 75 
| AS aS a 30 7.5 33 a 92 
Fragaria vesca L. var. americana Porter..... 5 16.5 50 67 
Galium triflorum Michx....................... (PSessm + 8 | 70 50 
oS SS rene jae | | 70 58 
Linnaea borealis L. var. americana (Forbes) | 
blige nay hébiee ees senss l | 14 5 ie 50 | «10 33 
Aralia nudicaulis L...... 22.2.2... 0. ccc cena. | | 12.5| 16.5| 20 | 88 
Cornus stolonifera Michx.....................- Ween’ aes 25, 15 2 | 5O | 16.5 
Thuidium virginianum* (Brid.) Lindb.......... om ne Le St ar a ae 16.5 
Chiogenes hispidula (L.) T. and G.............. Ti es 32.5 10 es 8 | 20 |= 16.5 
ed ES nee Bs ieee 5 52.5 8 | | 8 
Vaccinium angustifolium Ait................. .| OS «feo ey ‘ 2.5 6.5 
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RRS oh no ac a eager kes es Lake Cedar Lake Twin | Boutwell 
Cuyuna}| Alice |Hinckley| Kerrick | Creek Alice | Lakes F| Creek 
Bog-forest stage.................. | | Early to Mature 
| Early | Mature | Mature | Mature | to Late| Late Late Late 
DORMANT. .......:... | Larix Larix Picea Picea Thuja Picea Picea Thuja 
Number of quadrats. . 10 7 40 40 40 12 10 12 
Coptis groenlandica (Oeder) Fernald........... | 8 70 50 
Hypnum crista-castrensis* L............... 2.5 x 40 
Pyrola secunda L....... ee ee aoe 42 | Y 
Hylocomium proliferum* (L.) Lindb........... oe ty ; 16.5 
Rides tacts (EORS.) POI... nec kc eee ees 10 10 2.5 
PUNO WMI Rar ied scot aw dns se eieee eee 10 | 10 
D. Species intolerant of soil pH values | 
below 5.5 | | 
ey eS 70 | 40 8 
Viola pallens (Banks) Brainerd............... eo ee 20 45 | 16.5 
Maianthemum canadense Desf............... ; 5 52.5 33 16.5 
Bidens coronata (L). Britton. ..... ee | 37.5 
Carex riparia Curtis var. lacustris (Willd.) | 
SS ae ae 144 | #10 | as . oi ; 10 | 
Lr | 32.5 
Poiggonum sagitiatum L...... 2... ccc eee | 27.5 | Me 
oe _ P By Sees 15 | 10 
I rr 14 10 
Sazxifraga pennsylvanica L........... “Te 2.5 15 
Leersia oryzoides (L.) Swartz................. | ve | 17.5 
IE. Tree seedlings. | | 
Picea mariana (Mill.) B.S.P................... ae) ae 15 15 ot: | 10 8 
i Ee re 65 ; : 
Frazinus negra Marah......................%- 2.5 . | 2 33 
mines balemmen (;.) DUM... 2... oe oie eee | zc | @ 67 


mon are Carex strictior, C. rostrata, and C. riparia. 
Calamagrostis canadensis and Iris sp. (not seen in 
flower) were also common, while Carex lasiocarpa and 
Equisetum fluviatile are found as the transition to 
the true floating sedge-mat begins. 

Marginal fen is not found on every radius of every 
bog, and there are types of situation in which its 
absence can readily be explained. Thus, for example, 
there are localities in which the peat formed in the 
bog remains so close to neutral point throughout the 
bog succession that there is no contrast in pH between 
the main bog peat and that of the marginal region. 
At Cedar Creek, the marginal region even has a 
lower pH than the main mass of the peat below the 
bog-forest, and Thuja, the bog-forest dominant, ex- 
tends to the mineral soil margin, though a few alders 
ean be found to indicate the marginal nature of the 
region. 

Then again, as at Kerrick, the drainage water from 
the surrounding upland may be insufficiently rich in 
bases, or too small in quantity when the relief is very 
low, to maintain high pH values in the marginal 
region against the acidifying activity of Sphagnum 
from the more central bog areas. In such cases, moss- 
heath may be found invading the marginal fen, 
followed by bog-forest species, and sometimes the 
invasion may be carried right out to the upland mar- 
gin and the marginal fen is thus entirely superseded. 





AUTECOLOGICAL NOTES 

The scattered comments which are collected in this 
section are not intended to give an all-round auteco- 
logical account of any of the species mentioned. In 
the first place, it is only the behavior of the species 
while growing on peat bogs that is considered. Thus, 
for example, although Thuja occidentalis grows on 
limestone bluffs and other types of mineral soil, its 
behavior in such habitats is not considered at all here. 
Secondly, various aspects have been dealt with by 
other authors, and no attempt was made to collect 
parallel data in Minnesota. An example of such an 
aspect is the question of mycorrhiza—its presence or 
absence in the various bog species. Then again, a 
number of observations which have been made in the 
Minnesota area are not new but only confirm similar 
observations made in bogs of other regions, more 
especially by Cooper, Gates and Kurz. They are 
described here in order to give some measure of the 
ecological similarity of the bogs of Minnesota to those 
in other parts of the U.S.A. 

PickEA MARIANA AND THUJA OCCIDENTALIS 

In dealing with the mature bog-forest community, 
the pH ranges of these two species were mentioned 
briefly. It seems worth while to enquire more closely 
into the fact that either species may be dominant in 
the less acid peat, and that they may be codominant 
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occasionally. One may well ask, in relation to any 
particular bog which lacks strongly acid stages, what 
ecological conditions determine the dominance of one 
or other species or whether chance plays the major 
part in the determination. 

Some small experiments were carried out in the 
laboratory to confirm or extend the field observations 
on pH tolerance. First, there were trials with Thuja 
seedlings. Seeds could not be found, but large num- 
bers of first-vear seedlings could be collected from 
Cedar Creek bog, and these were placed with their 
roots in buffer solutions, one batch in a solution of 
pH 6.2, the other in a solution of pH 4.2. After 
four days the first batch was much more healthy than 
the second. The buffer solution of pH 4.2 was a 
phthallate mixture, and as it could have been that 
the phthallate was more toxic than the phosphate 
mixture used for the solution of pH 6.2, a phthallate 
mixture of pH 6.2 was given to the seedlings pre- 
viously in the phosphate mixture. They did deteri- 
orate gradually, but not nearly so rapidly as the ones 
in the solution of pH 4.2. The experiment was 
repeated, this time using four batches of eight seed- 
lings each, in the four following solutions: acetate 
mixtures of pH 4.2 and 6.2 and phthallate mixtures 
of pH 4.2 and 6.2. All the seedlings in the more 
acid solutions were discolored within three days. In 
the less acid solutions about half the seedlings ap- 
peared unhealthy after 4 or 5 days; there was no 
apparent difference between the effects of acetate and 
phthallate. The controls in tap-water remained 
healthy. These experiments confirm the conclusion 
that low pH is an adverse condition for Thuja. 

The corresponding experiments with Picea were 
carried out as germination tests with seeds. A pre- 
liminary test was made with sets of 10 seeds in each 
of a set of 8 solutions with pH values ranging from 
3.0 to 6.5. It was clear from this first trial that the 
percentage germination was higher and the growth- 
rate greater, the higher the pH value. Two more 
experiments were carried out, using contrasting solu- 
tions of pH 4.1 (phthallate mixture) and pH 6.5 
(phosphate mixture). The results are shown by the 
frequency graphs given in Figure 15. In Experiment 
1 an attempt wac made to eliminate fungal attacks 
on the seeds by dusting them with copper sulphate 
powder beforehand. A large number of seeds chowed 
a split testa but no further growth, and this suggested 
that the copper sulphate was toxic to the seeds, and 
the treatment was omitted in Experiment 2. The 
results could be taken to mean merely that sodium 
phthallate is more toxic to Picea seedlings than 
sodium phosphate, and further experimentation would 
be needed to meet this criticism. Assuming that it 
could be met, the conclusion is clear that Picea is 
not acidiphilous at all, but that it can tolerate acidity 
of a degree which cannot be tolerated by Thuja. The 
conclusion is supported by the observation in the 
field that Picea seedlings and saplings were much 
more abundant in the Larix dominated bog-forest in 
the Lake Alice bog where acidities were in general 
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fairly low, than in the Picea forest at Kerrick, where 
the peat was everywhere acid. 

It would seem then, that if the two species are 
not complementary to each other, with respect to pH 
preferences, they must compete with each other for 
dominance on sub-neutral peat areas. Let us examine 
their distribution areas to see if they give any clue 
to the probable outcome of the competition. The 
distribution maps are given by Munns (1938). For 
both species the distribution area reaches a boundary 
in Minnesota which runs diagonally from northwest 
to southeast across the state, and must coincide fairly 
closely with the boundary of the area of study shown 
in Figure 1. The distribution area within the U.S.A. 
is roughly the same for the two species; the differ- 
ence between them lies in the huge westward and 
northward extent of the Canadian area for Picea, 
which is quite absent in the case of Thuja. How- 
ever, the central Minnesota bogs lie at some distance 
from the northern limit for Thuja, and there is no 
reason to think, just from looking at the distribution 
areas given on this continental scale, that the climatic 
conditions of central Minnesota are likely to favor 
one species rather than the other. 
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Fig. 15. Results of germination experiments with 


Picea mariana. 


In fact, the first impression received from a study 
of these bog-forests is that the dominance of Picea 
or Thuja is decided mainly by chance. There is, 
however, one line of observation from which one 
may tentatively suggest the limitations under which, 
to speak figuratively, chance has to work. This is, 
namely, the distribution of Thuja seedlings as it 
appeared during the fall of 1946 and the summer 
of 1947. They were, with one single exception, never 
seen outside the margin of a mature bog-forest, not 
even in the stage of mass-invasion by Larix. On the 
other hand, they were extremely abundant on the floor 
of forests with Thuja as dominant or co-dominant. 
Picea seedlings and saplings, however, occurred fre- 
quently among the more rapid growing Larix trees 
of invading bog-forests, yet they were not of such 


frequent occurrence in mature Picea stands as Thuja 
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seedlings in mature Thuja stands. The seeds of par- 
ent plants at some distance are more likely to arrive 
in numbers on a pioneer-mat or on an open Lariz- 
invasion zone, than on the floor of a mature bog-forest ; 
hence, if the germination differences just discussed 
are general, and not a feature of one particular sea- 


son, Picea will have a greater chance of being the 
successor to Larix and will therefore become the 


dominant in a larger number of areas. On the other 
hand, in those places where a few Thuja trees do 
become established, they will be likely to reproduce 
more freely than Picea and so, in those few places, 
Thuja will end as the dominant of the mature bog- 
forest. 

This suggestion needs to be tested by experiments 
on the light and shade tolerance of the seedlings, as 
well as on other conditions for germination, and by 
long-term observations on the areas in which Picea 
and Thuja at present grow together. 

ERICACEAE 

It would be possible, by taking a broad view-point, 
to group together a number of Ericaceous species 
and to consider them as forming an ecological type, 
the “Bog Ericads.” Such a group, in central Minne- 
sota, would include Chamaedaphne calyculata, Vac- 
cinium macrocarpon, V. Oxycoccus, Andromeda glau- 
cophylla, Kalmia polifolia, Ledum groenlandicum and 
Chiogenes hispidula. It is even possible to imagine 
that one might find them all growing together within 
the limits of a single meter quadrat. To look at 
them in this way, however, is to obscure the interest- 
ing and fairly obvious ecological differences between 
them. ‘ 

Take first, for instance, the two species of Vac- 
cinium. During this study, V. macrocarpon was only 
found in any quantity at Cuyuna and at Kerrick 
(Lake Margaret). In both these places V. Oxycoccus 
was also common, but it was clearly growing further 
away from the water margin than V. macrocarpon, 
and was also frequent and characteristic inside the 
bog-forest, where V. macrocarpon was never found. 
The zone of overlap between the two species was not 
wide, usually less than a yard across, and Vaccinium 
Oxycoccus was never seen to play the part of a pio- 
neer of the moss-heath community. At Cuyuna, long 
runners of V. macrocarpon could be found pushing 
out ahead of the Sphagnum magellanicum ; these run- 
ners were infrequently branched in the horizontal 
plane, though bearing vertical side-shoots. A num- 
ber of runners were pulled out and examined. One 
of them, for example, was 13.5 feet long from the 
apex to the point of breakage, carried 7 vertical 
lateral branches, had grown a length of over 2 feet 
the current season, and appeared to have all its live 
roots confined to the proximal 2 feet, where they were 
growing among Sphagnum plants. 

A ndromeda, like Vaccinium macrocarpon, is char- 
acteristic of the youngest moss-heath stages, though it 
survives longer. At Lake Alice bog, it was not only 
the dominant of the moss-heath as a whole, but also 
appeared to be invading the pioneer-mat, following 
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closely behind Aulacomnium palustre. This bog, as 
discussed earlier, shows only a moderate development 
of acidity, and in general, it seemed that Andromeda 
has a pH optimum rather higher than the optimum 
for Chamaedaphne. This is probably only another 
way of expressing the fact that Andromeda character- 
izes the younger stages of moss-heath formation, since 
the older a moss-heath, the greater its acidity, up to 
a limiting value of about 4.0. This is well illustrated 
by the Pug Hole transect in Figure 6, which shows 
the absence of Andromeda from the inner and older 
part of the moss-heath, dominated here by Chamae- 
daphne. 

Chamaedaphne is the characteristic dominant of 
the moss-heath in its mature and late stages and per- 
sists until a complete bog-forest cover is established. 
It is the most acidiphilous of all the species in the 
list given above (except perhaps for Chiogenes his- 
pidiwa, for which no observations on pH range were 
made), and was never found growing where the sub- 
surface peat has a pH value above 5.0. The piant 
appears not to be shade tolerant, however, for it thins 
out as soon as the Larix cover becomes at all dense, 
and its place is taken by Ledum, which seems, in 
contrast, to be intolerant of exposure and character- 
izes the bog-forest rather than the moss-heath, though 
found occasionally in the latter. There is, however, 
a lower limit of light intensity for the growth of 
Ledum, a limit which is passed in areas of very dense 
bog-forest, such as some parts of the Thuja forest at 
Cedar Creek bog, and the old Picea forest at Lake 
Margaret, though it remains flourishing in the brighter 
openings which occur here and there. The plant is 
nearly always associated with Sphagnum, and it is, 
therefore, possible that it requires an acid medium 
for its functional roots, though this point requires 
study. It can certainly grow in bog-forests which 
have not been preceded by a moss-heath (as far as 
may be judged by general observations) and in which 
the peat at the level of the water-table may have a 
pH of well over 6.0. 

Kalmia polifolia is highly characteristic of these 
bogs, but not present in any quantity. It appears to 
have much the same habitat preferences as Ledum. 

These ideas may be summarized crudely by the 
diagram given in Figure 16; the diagram must not 
be taken to suggest that the occurrence of Ericaceous 
species in the bog-forest is dependent on the previous 
existence of a moss-heath phase in the bog succession 
of which the bog-forest forms a part. As Table 5 
shows, species such as Ledum and Vaccinium Oxycoc- 
cus are characteristic of all types of bog-forest. 

Vaccinium Oxycoccus oceurs in Britain, and there 
too it is highly acidiphilous. The British Andromeda 
polifolia closely resembles A. glaucophylla in habit, 
though it is smaller and less gregarious; it also in- 
habits peat bogs, and interestingly enough it has been 
dying out from Britain in the last hundred years, a 
fact which may well be causally connected with the 
extreme acidity which has developed in the surface 
peats of many British bogs as they have degenerated 
through draining, burning, and erosion. Perhaps the 
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most striking parallel, to a British ecologist, is that 
which may be found between Chamaedaphne and 
Calluna vulgaris. Both are strongly acidiphilous, 
both vary in growth form from a sparse low growth 
to a dense bushy growth, and both are strongly en- 
couraged by burning and by removal of tree cover 
from areas of suitable soil character. The outstand- 
ing ecological difference between them is that Cal- 
luna will grow on mineral soils, but they appear in 
other respects to be completely vicarious. 

A last but important point concerning these bog 
Ericads is that in the area under consideration, no 
seedling of any of the species was ever found, in 
spite of careful searching. Obviously, germination 
must have occurred from time to time, to give the 
plants their present distribution, but it seems quite 
evident that vegetative reproduction is far and away 
more important at the present time. This serves to 
explain the strongly gregarious growth which is 
shown by all the species, and also the apparently 
haphazard absence of species from bogs which would 
afford all the right habitat conditions. 
example, there is no obvious reason for 
the absence of Vaccinium macrocarpon from the 
Lake Alice and Pug Hole bogs. The phenomenon 
clearly calls for intensive study of the conditions for 
germination, which might well throw some interesting 
light on the equilibrium or lack of equilibrium be- 
tween present climatic conditions and the bog vege- 
tation of this region. 
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Fig. 16. Diagram to represent the ecological ranges 
of the bog-living Ericaceous species in the Minnesota 
bogs. 





SPHAGNUM SPP. 

The species of Sphagnum show an ecological diver- 
sity which makes them such valuable field indicators 
of habitat conditions that their importance to ecol- 
ogists can hardly be over-estimated. Moreover, since 
they are an old group with their species very widely 
distributed, they form a very valuable link in the 
comparison of partly similar vegetation types in 
widely separated continents. 

The data here collected show a close agreement 
with the findings of Kurz (1928) in his field studies 
of bogs in Michigan. Kurz also made an experi- 
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mental approach to the phenomenon of the produe- 
tion of acidity by Sphagnum plants, a phenomenon 
which has been dealt with at greater length by other 
authors, for instance by Baas-Becking and Nicolai 
(1934), and much more fully by Ziegenspeck (1936). 
Though the exact mechanism of ion-exchange may not 
vet be known, it is perfectly clear from the work 
of these and other research workers that Sphagnum, 
and other mosses also, will alter the pH of the medium 
in which they are growing until the pH is within the 
range which is optimal for their growth. The initial 
pH must not be so far from the optimum as to be 
toxic to the plant, but within fairly wide limits the 
species can “create” its own optimum, whether the 
initial pH is higher or lower than the optimum. 
This holds good not only for those with an acid 
optimum, but for basiphilous species also. 

The field observations made during the present 
study were entirely in accord with these findings, 
both as to the general principle, and as to the be- 
havior of those individual species which were among 
those dealt with in the experiments of the authors 
mentioned above. It is for this reason that the word 
“acidifying” has been used for certain of the Sphag- 
num species; acidifiers are of course acidiphilous, but 
the converse is not necessarily true. 

The species are dealt with roughly in the order of 
increasing acidity of their optimum. The majority 
of the pH data came from a set of observations taken 
in the bog-forest at Hinckley bog. 

(1) S. squarrosum appears to flourish in sub- 
neutral situations and is moderately shade-tolerant. 
The greatest abundance of it that was seen was on 
the Cedar Creek sedge-mat. It also oceurs in mar- 
ginal-fens, as at Pug Hole, where the pH was over 
6.0 (transect PQ). Three samples at Hinckley from 
just below tufts of S. squarrosum gave pH values of 
5.40, 548 and 6.33. The lowest value found for 
such a sample was 4.55, but in general the moss is 
not at all characteristic of acid situations. It is use- 
ful to ecologists as an indicator, especially as it is 
easily recognizable in the field, but it does not occur 
in sufficient bulk to be an important member of a 
plant community. 

(2) S. subsecundum. This species has been much 
split by some taxonomists, but Le Roy Andrews 
(1913) retains the name to represent a species, and 
there seems every justification for following his no- 
menclature since there was a close similarity between 
all the specimens except for a few plants found at 
Pug Hole, which were larger, and may have been a 
erowth-form or may need a different nomenclature. 
These were confined to a small area, and are not 
considered in the remarks which follow. 

This species again is easily recognizable in the 
field, and is characterized by a dirty olive green color 
when submerged, but a bright orange yellow color 
when exposed, at any rate in the fall season. It is 
found abundantly in the older parts of the Carex 
lasiocarpa mats at Cuyuna and Pug Hole. At both 
places it persisted in the moss-heath in hollows which 
reached close to or below the water table, where the 
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pH was probably higher than in the surrounding 
tussocks. It oceurred also, though less abundantly, 
in the pioneer-mat of the Lake Alice bog. On the 
other hand, it was never found in the pioneer-mats 
of those bogs which could be called “cireum-neutral” 
in the nomenclature of Kurz, that is to say in bogs 
such as those of Twin Lakes and Cedar Creek, where 
the factors leading to moss-heath formation are not 
operative. 

(3) S. cuspidatum was not often found in any 
abundance, though it was frequent, for example, on 
the sedge-mat at Pug Hole, mixed with S. subsecun- 
dum. 

(4) S. recurvum ranges from the earliest moss- 
heath stages into the oldest bog-forests where it 
finally becomes shaded out. It also occurs in fair 
quantity in the pioneer-mat at Cedar Creek, where 
pH values are not below 6.0. Nevertheless, it is 
definitely an acidifying species as shown by the fol- 
lowing list of pH values obtained from below S. 
recurvum surfaces at Hinckley: 


Immediate 


Sub-Surface 6 ins. Lower 


4.38 6.73 
4.42 6.75 
4.52 5.55 
4.60 

4.62 5.95 
4.75 6.75 
4,82 6.76 
4.87 

5.10 6.33 
5.40 3.65 


From these figures it would appear to have its opti- 
mum range from 4.5 to 5.0, which is much the same 
as that suggested by the figures given below for S. 
magellanicum. From what has been said previously, 
however, and from the fact that the pH values were 
so much higher in samples only 6 inches below the 
living plants, one must conclude that the species can 
invade successfully into areas with a pH very much 
higher than its optimum. This is supported by the 
observation at Hinckley that S. recurvum was invad- 
ing much more freely than S. magellanicum into the 
wetter parts of the bog-forest which were rich in 
basiphilous pioneer-mat relies such as Typha, Equi- 
setum fluviatile, and Menyanthes. 

(5) S. teres was found oceasionally mixed with S. 
recurvum and having the same ecological range. 

(6) S. magellanicum is the acidifier par excellence. 
Its behavior is well illustrated in the Pug Hole tran- 
sect shown in Figure 6. It follows after S. sub- 
secundum and is the dominant throughout the zone 
of falling pH values, until a stable low pH value is 
established and the accompanying mature moss-heath 
develops with Chamaedaphne as the dominant. pH 
data were obtained from Hinckley in the same way 
as for S. recurvum, and were as follows: 


Immediate 6 ins. 
Sub-Surface Lower 
4.08 4,22 15 ins. lower; 6.72 (below 
water-table ) 
4.42 
4.50 5.75 
4.55 4.90 16 ins. lower; 6.80 (below 
water-table) 
4.58 
4.63 
4,82 4.25 15 ins. lower; 6.90 (below 
water-table ) 
4.87 
5.07 4.43 18 ins. lower; 6.55 (below 
water-table) 
5.47 


S. magellanicum very quickly builds up deep dense 
cushions of moss, and the figures show that the old 
dead remains of the moss may be more acid than the 
the still living stem bases. 

When it grows in the open, this species has a 
purple-red color which is quite unmistakable, but in 
the shade it may often have a pure pale green color. 
Many samples from the bog-forests were examined 
in the laboratory to make sure that they really be- 
longed to this species; they always did, and no other 
member of the Sphagna cymbifolia was ever found in 
the bog-forests. 

(7) Sphagnum capillaceum. 
low indicate that this species is the most strongly 
acidiphilous of any of the bog-species. 


The figures given be- 


Immediate 


Sub-Surface Lower Samples 


4.08 6 ins. lower; 4.22 15 ins. lower 6.72 
4.10 12 ins. lower 7.33 
4.15 

4.20 6 ins. lower: 4.65 

4.30 6 ins. lower; 4.88 

4.60 8 ins. lower; 4.15 

4.62 


Yet it may be doubted whether this species has the 
strongest capacity for acidification, since it only ap- 
pears in places where S. recurvum or S. magellanicum 
are already growing abundantly. It is especially 
characteristic of the secondary moss-heath with tall 
thick Chamaedaphne and forms the upper part, some- 
times the whole, of tall deep moss tussocks. It is 
characterized by its small, soft, bright red heads, 
packed together to form a mosaic pattern. Its ap- 
pearance and ecological behavior so closely resemble 
that of the moss which is deseribed by writers on 
British bogs as S. rubellum that it is hard to believe 
that the two names are not really synonymous. 

(8) Lastly, for the sake of comparison with British 
bogs, we may record that S. papillosum was found 
only once (at Cuyuna). This is at present probably 
the most active peat builder on the British Isles, 
though S. magellanicum is also very important. Fur- 
ther, S. imbricatum was never found. This species 
has in the past been responsible for the formation 
of large volumes of peat in the British Isles, but is 
now very rarely found, and nowhere in large quan- 
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tities. It would be of the greatest interest to know 
whether this species, easily recognizable from a single 
leat fragment, has at any time been abundant in 
American Sphagnum regions. Such information could 
readily be obtained by any one who is working on 
pollen analyses of peat profiles. 


OTHER BryoOPHYTA 
(1) Aulacomnium palustre. This species was found 
by Ziegenspeck to be an acidifier, with its optimum 
at a pH of about 4.4. It may be seen at work, so 
to speak, on the pioneer-mat of the Lake Alice bog, 
where it is the most abundant moss. and precedes 
Andromeda, It main moss of the 
moss-heath here, and in general it persists through 
all the stages of a bog succession once it has become 
established, into the latest 
that were seen. Like Sphagnum recurvum, it ean 
tolerate fairly high pH values; it is found for in- 
stance with fair frequency on the pioneer-mat at 
Cedar Creek. In the paper by Ziegenspeck (1936) 
it is suggested that there are two ecotypes included 
in the species, one acidiphilous, the other basiphilous. 
The mode of occurrence of the species in Minnesota 
suggests, however, that it may more easily be con- 
sidered as one species with a wide range of tolerance, 


remains as the 


even bog-forest stages 


since it occurs in practically every bog in this area. 

(2) Calliergon cordifolium (giganteum). All the 
specimens found during this study agreed with the 
descriptions given for C. giganteum in the standard 
texts. However, the name C. cordifolium is here 
used in accordance with the recent treatment of the 
genus Calliergon, given by Wynne (1945). The spe- 
cies is highly characteristic of small shallow pools 
or wet depressions in bog-forests where the peat is 
circum-neutral at the level of the water table. When, 
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Typha latifolia in the pioneer-mat of Floating bog, Lake Itasca. 
ciose to the water margin; behind, the Typha zone at the margin of the bog-forest. 
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therefore, it is found in quantity in a peat profile 
as, for example, at Cuyuna, it is likely to indicate a 
fairly voung bog-forest stage in which not much acid 
peat, if any, has been formed. 

(3) Polytrichum strictum. This species is markedly 
acidiphilous, but like Sphagnum capillaceum, may 
not necessarily be strongly acidifying, since it always 
oceurs in assoeation with the acidifying Sphagnum. 
It occurs in fact most typically in moss-heath com- 
munities, and in primary moss-heaths it is usually 
thinly scattered. In secondary types, however, or 
under conditions of marked dryness, as at Kerrick B, 
it multiples very rapidly and may form numerous 
conspicuous dark green cushions, and one may find 
patches in which there is very little other vegetation 
apart from this species and Chamaedaphne. It occurs 
in small quantities in bog-forests, but not consistently, 
and it is perhaps intolerant of shade. 


TypHA LATIFOLIA 

Figure 17 illustrates a point of interest concerning 
the ecology of this species, namely that it has a dual 
type of distribution. On the left of the photograph 
is a patch of Typha which borders the water-margin 
of the pioneer-mat at Floating bog (Lake Itasea). 
In the background is the bog-forest, with a clearly 
defined zone of Typha between it and the pioneer- 
mat. The two areas of Zypha dominance are sepa- 
rated by a wide zone of compact Carex lasiocarpa 
mat. Other examples of this behavior could be 
quoted. A reason for this may be suggested by the 
fact that where Typha is abundant and luxuriant, the 
peat surface is not held together into a firm solid 
mat, but is usually soft and treacherous to walk upon 
between the Typha tussocks. On the other hand, 


where a sedge-mat has a tough compact surface, 


In the foreground, plants growing 
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Typha shoots rarely occur in it, and when they do, 
they are single and small. It would seem then that 
apart from the places where Typha is itself the domi- 
nant of a whole pioneer-mat, the species can only 
succeed as a component of a pioneer-mat in those 
areas where the mat is loose-textured and does not 
offer too much mechanical resistance to penetration 
by the Typha rhizomes. Such areas will naturally 
be found firstly at the young margin of the mat 
where it is invading the water surface, and secondly 
at the oldest part of the mat, where tree growth is 
causing death of the main mat-dominants and the 
ground surface is again becoming loosened. Figure 
18 illustrates the effects of this competition between 
Typha and the sedge-mat dominants. Two Typha 
shoots were dug out from the bog at Twin Lakes F; 
the small one on the right came from the center of 








Fig, 18. 
the bog at Twin Lakes F. 
the bog-forest margin; on the right, a plant from the 
middle of the sedge-mat. 


Two plants of Typha latifolia dug out from 
On the left, a plant from 
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the Carex lasiocarpa mat, the large one on the left 
came from the marginal zone of the bog-forest where 
it adjoins the sedge-mat and where Typha is tall and 
abundant. 


CHARACTERISTICS OF THE PEAT 

Anyone who is interested in the study of plant 
successions must be prepared to analyze the progres- 
sive changes in edaphic conditions as well as to de- 
scribe the plant communities which partly or wholly 
cause the soil changes and respond to them. For- 
tunately for students of bog successions, there is a 
vast literature dealing with the physical and chemical 
properties and the microbiological population of peat, 
and though much of it is written from an agricultural 
point of view, the results are of basic importance for 
Thus, for example, much useful, general 
information concerning peats in Minnesota may be 
obtained from the survey by Alway (1920) and from 
the separate county reports of the U. S. Department 
of Agriculture Soil Survey. More searching analyses 
may be found in the work of Waksman and his coi- 
leagues, and of Dachnowsky-Stokes,? as well as a 
vast range of other literature dealing with peat chem- 
istry and with the distribution and metabolism of 
soil microorganisms. From all this work over nearly 
a century there has body of firmly- 
established and well-known principles concerning the 
types of organism which are active under different 
conditions of aeration and chemical background, the 
substrates they use and the substances they produce, 
the relative rates of degradation of different chemical 
types such as carbohydrates, liquins and proteins, 
and numerous other related problems. 

Within the limits of a short-term study it was 
obviously impossible to embark upon elaborate chem- 
ical and bacteriological analyses, either to verify the 
application of these general principles to the peats 
of central Minnesota, or to extend and refine them. 
However, there seemed to be various points which 
might be dealt with by simple and rapid methods, 
and two in particular were chosen because they might 
yield data for contrast or comparison with the bog 
types of the highland regions of Britain. The first 
was concerned with the correlation between the de- 
gree of humification of the upper peat layers, and 
the type of plant community growing upon it. The 
second concerned the nature of the fungi which char- 
acteristically grow in the peat types, and more espe- 
cially those of acid peats. 


ecologists. 


emerged a 


DeGREE OF HUMIFICATION OF THE PEAT 
European peat investigators have often made use 
of humifieation which was originally de- 
This is a method of classify- 


of the scale 
signed in Seandinavia. 
ing peat samples on the basis of their texture and of 
the amount of liquid which can be squeezed out of a 
damp sample in the hand, and so on. The classes 
are given numbers from 0 to 10, corresponding to 
increasing stages of hunification, but the method is 
essentially qualitative, and therefore unsatisfactory for 
Dachnowsky-Stokes, 


Peat by I 
available at the time of 


was not 


book on 
Botanica, 


promised by 
writing. 
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the comparison of data obtained in different places 
by different authors. Moreover, the surface peats of 
the Minnesota bogs were so inhomogeneous in texture 
that the method was almost impossible to apply. 
Hence it was decided to make use of the ordinary 
sieve method for estimating the coarser fractions of 
mineral soil, and to modify it where necessary, to 
make it applicable to peats. The main modification 
arose from the fact that air-dried or oven-dried peat 
bears no relation in its properties to the same peat 
while still in its naturally damp or waterlogged state. 
Hence it was impossible to work on a dry weight 
basis, and instead, both the original sample and the 
separated fractions were dealt with in the saturated 
state. The procedure was as follows: 40 gm. to 50 
gm. of moist peat was placed on the coarsest sieve 
(a mesh of 8 wires to the inch) and water was played 
on to it very gently from the fine jet of a wash-bottle 
until the sample was uniformly wet, and water was 
just beginning to drip out from below the peat mass. 
The excess of “gravitational water’ was allowed to 
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drip out, and sieve and sample were weighed. Then 
a strong jet of water was run on to the sample, 
which was spread out thinly over the sieve, and 
turned over with a glass rod. Washing was con- 
tinued until only the coarsest fraction of the peat 
remained on the sieve. After allowing to drain for 
5 minutes, sieve and residue were re-weighed. The 
filtrate was passed through a sieve with holes of 1 
mm. diameter and similarly washed free of finer par- 
ticles, and the process repeated with a fine sieve (60 
to the inch mesh). Thus coarse, medium, and fine 
fractions were obtained, and calculated as percentages 
of the original wet weight. The difference between 
the sum of these percentages and 100 percent repre- 
sents the “remainder,” that is, the finest fraction of 
all. Estimates were made in duplicate. The method 
is undoubtedly crude, but the results, as given in 
Figure 19, show some degree of consistency. The 
greatest error arises where the peat is wholly or 
largely composed of Sphagnum, for it happened sev- 
eral times that negative values were obtained for the 
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Fig. 19. 


Results of mechanical analyses of peat samples into fractions as described in the text. 


The analyses 


were made in duplicate, the difference between the estimates being represented by the blank part of the column, 


and the mean shown by the horizontal line. 
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“remainder” fraction, since the sum of the three 
weighed fractions added up to more than 100 percent. 
This is seen in diagrams 2, 4, 7, 8, and 9 of Figure 
19. It seems that Sphagnum leaves are capable of 
retaining greater volumes of water when they have 
been washed out separately, than when they are still 
massed together in a compressed state in the original 
peat sample. 

All the samples tested were from sub-surface peats, 
that is, from depths of between 10 em. and 20 em. 
below the surface. 

Turning to the results, a clear agreement may be 
seen between samples 1 to 5, grouped together as be- 
longing to the earlier stages of pioneer-mat or pri- 
mary moss-heath. All show a great preponderance 
of the coarse fractions. Samples 6 to 9 belong to 
the younger bog-forest types or to their equivalent 
in secondary moss-heaths. These show greater variety 
in the shape of the frequency graph. This is prob- 
ably because they are all Sphagnum-rich, and only 
a very small difference in state of preservation is 
needed to determine whether Sphagnum remains will 
adhere together as whole plants and hence appear in 
the coarse fraction, or break up into separate leaves 
me so appear in the medium fraction. Samples 10 

» 13 are from mature bog-forest regions, or from 
an equivalent secondary moss-heath; 14 and 15 are 
from marginal and 16 is from an area of 
drained peat with a water table far below the sur- 
face. These last seven samples are arranged accord- 
ing to the order in the successional series of the plant 
community growing on the peat 


fens, 


The results as a whole show a clear correlation 
between the proportion of finer fractions in the peat 
and the successional position of the vegetation. That 
is to say. in the later stages, the conditions are such 
as to cause a greater degree of disintegration of the 
dead plant tissues as they become converted into 
peat. The data provide illustrations of two well- 
known principles of soil microbiology. Firstly, the 
greater the activity of aerobic organisms, the more 
rapid, in general, is the breakdown of organic mat- 
ter; the degree of this activity will depend on the 
successional status of the growing plant community, 
because the raising of the surface level above the 
water table is the essential process in the succession. 
Secondly, the lower the acidity of the peat, the greater 
the variety of the micro-flora, and hence again, the 
greater will be the rate of breakdown, as may be 
judged by graphs 14 and 15 for marginal fens and 
graph 13 for the non-acid bog-forest type. 

It thus appears from the correlations shown by 
Figure 19, that the method might usefully be applied 
determining the conditions under 
which any particular sample of peat was formed. 


as one means of 


FunGAL Fiora oF Peat Types 
Growths of filamentous fungi obtained by 
planting small lumps of peat directly on to malt-agar 
plates. The samples of peat were taken from the 
freshly opened centers of large jarfuls of peat. which, 


were 
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though not freshly collected, had been stored in a 
refrigerator. 

Agar plates were prepared at pH values of ap- 
proximately 4.5, 5.5 and 6.5, and the medium used 
for any peat sample was the one having a pH value 
closest to that of the peat mass from which the sam- 
In a number of cases platings were 


was placed 


ple was taken. 
made in duplicate, and one of each pair 


in a sealed chamber through which nitrogen was 
passed for four hours or more. The lids were re- 


dishes immediately before placing 
avoid the retention of oxygen 
inside the closed dish. The nitrogen was sterilized 
and freed from traces of oxygen by passing it 
through pyrogallol solution before it reached the 
chamber. Even so, contaminants on the plates might 
well have been expected, but in fact none of the — 
cies which were apt to contaminate the control plates 
ever appeared on the “nitrogen” plates, and hence it 
seemed reasonable to assume that organisms which 
appeared on the peat had been derived from it. 

The results fell in with the general experience that 
bacterial growths are usually checked at pH values 
lower than 5.0, and that the variety of miero-organic 
type is much greater at higher than at lower pH 
values. Table 6 gives the data concerning all the 
filamentous fungi which appeared on more than one 


from the 
chamber, to 


moved 
in the 


TABLE 6. 





| 
PH OF PEAT AND AGAR 








| 
| | 
Under 5.0 | Over 5.0 | Dev eloped 
(10 (12 | in 
samples) | samples) 3 Nitrogen 
Trichoderma ‘vivide* | | 
Pers. ex Fries... . . 6 5 | Yes 
Mucor silvaticus* | 
ee 9 7 Yes 
Penicillium sp.. 9 5 | Yes 
Zygorhynchus moelleri* | 
Vuillemi | 2 Yes 
Gliocladium fimbriatum* | | 
Gilman and Abbott. . | 2 No 
Fusarium sp. 2 No 
| 


plate. The first three organisms on the list in the 
table are the only ones of frequent occurrence, and 
the only acid-tolerant types. Moreover, all three 
appear capable of developing in an atmosphere of 
nitrogen. Further tests were therefore made to in- 
vestigate their power to withstand submergence. 
Innoculations were made on to malt-agar plates 
(pH 4.5) and the plates were submerged, without 
lids, in beakers of distilled water so that the agar 
was about 3 em. below the surface of the water. All 
three species produced mycelium freely, the Mucor 
in greatest volume. The latter species produced 
many chlamydospores, but no sporangia. Tricho- 
derma viride® and the Penicillium produced sporangio- 
phores where the mycelium reached the air-surface. 


3 This name is used in accordance with the findings of Bisby 
(1939) concerning this species and its nomenclature. 
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Finally, the three species were tested for growth 
under both submerged and anaerobic conditions. In- 
noculations were made into 1 percent malt-agar solu- 
tions in test-tubes which were so fitted that nitrogen 
could be passed through the liquid, and the tubes, 
with nitrogen above the liquid, could be sealed off 
from the atmosphere. The nitrogen was bubbled 
vigorously through the liquid for two hours. It was 
found that all three species produced mycelium under 
these conditions, though not as freely as the controls 
not subjected to the nitrogen treatment. Again, 
spores were only produced at the liquid-gas inter- 
face, and this was true of the controls also. 

It appears then, that these three fungi at least 
ean produce a vegetative growth when submerged and 
lacking oxygen, and since they commonly occur in 
the peats of this region, they may be considered as 
important agents in the decomposition of plant mate- 
rials below the level of the water table. There is 
another set of fungal organisms which are also of 
ecological importance, but which cannot be studied 
by plate-culture methods. These are the mycorrhizal 
fungi, and the Sphagnicolous higher Basidiomyeetes. 
The mycorrhizal roots of the coniferous species are 
found predominantly in the moist Sphagnum layers 
of the bog-forests, above the water table, and the 
Basidiomyecete fructifications were associated with con- 
spicuous mycelia growing in the loose upper mass of 
Sphagnum stems just below the living surface. Only 
a small number of these Basidiomycetes were observed 
to oceur with any frequency; these were Cantharellus 
infundibuliformis, Inocybe scabella and Russula rose- 
apes. From their mode of occurrence, it is probable 
that both mycorrhizal fungi and Basiodiomycetes are 
aerobic, and hence may be considered as important 
in the initial breakdown of plant materials during 
the formation of acid peats in the moss-heath and 
bog-forest stages. 


GENERAL DISCUSSION 

The central Minnesota bogs may be described in 
the shortest and most simple way by saying that 
they show a succession from pioneer-mat, through 
bog-forest, to some climax stage whose nature is not 
yet certainly established, with the interpolation of an 
acidiphilous moss-heath stage if conditions are suit- 
able. Even this bare statement is enough to show a 
difference from the summary which is given by Gates 
(1942). for the bogs of northern Lower Michigan. 
In the diagram which presents the successional rela- 
tionships for his area, it is shown that all the lines 
of primary succession pass through the stage of a 
Chamaedaphne association. Moreover, all lines of suc- 
cession in Michigan are shown to end in the Thuja 
association which Gates states to be “the climax asso- 
ciation in boggy areas in the region.” In view of 
what has been observed in the Minnesota bogs con- 
cerning. the prevalence of Abies. balsamea in the late 
stages, -it does not seem likely that Thuja is the only 
possible climax association for the Minnesota bogs, 
though it seems in places, as at Cedar Creek, to form 
a self-reproducing community, and may, therefore, 
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in sucn places be the climax type, or perhaps, more 
accurately, the sub-climax, if one is to adhere to the 
terminology of Clements. 

Turning now to the description of the bog succes- 
sions on Isle Royale, given by Cooper (1913) it 
appears that these would fit broadly with the sum- 
mary statement which has been made about the Min- 
nescta bogs. However, under this broad similarity 
there are a number of differences, some only of detail, 
but some of more weight, which must express some 
genuine difference between the successional factors 
which operate in the two regions. One such point 
concerns Picea mariana, which in Minnesota may cer- 
tainly form a seral stage which is not preceded by a 
Sphagnum-rich stage, whereas on Isle Royale it is 
said that “Ledum and Picea mariana follow the 
sphagnum, being dependent upon its presence.” An- 
other point of difference may be seen in the statement 
by Cooper that in those successions in which Sphag- 
num is abundant, “the sphagnum is a superficial layer 
supported upon the sedge-mat, and contributes little 
towards peat formation.” While this is sometimes 
true of bogs in Minnesota, there are bog types, such 
as those at Kerrick and Cuyuna, in which Sphagnum 
has played an important part as a peat-former. 

Here then are a few of the points of difference 
that emerge in making comparisons with bog-bearing 
areas not too far removed from Minnesota; the state- 
ment of them must be left as a mere statement, since 
without a first-hand experience of American bogs 
outside Minnesota, it would be idle to offer explana- 
tory hypotheses. 

If we carry the comparison across the Atlantie to 
the British Isles, there is no difficulty in finding gen- 
eral resemblances in the lake hydroseres. These re- 
semblances are greatest in the middle stages of the 
hydroseres, for in both regions we find shrub and 
open forest stages invading the surface which has 
been built up to the water-level by the earlier com- 
munities of herbs or low shrubs. In Britain again 
both “acid” and “cireum-neutral” bogs, and _ inter- 
mediate types can also be found. In the Norfolk 
Broads region for instance, there is no development 
of acidiphilous communities before the “zwischen- 
moorwald” stage, which is probably the equivalent 
of the early bog-forest of Minnesota. On the other 
hand, the “acid” type may be illustrated by the bogs 
of Cheshire and neighboring counties. Of all the 
types of topography in England and Wales, that of 
the Cheshire meres region most nearly resembles what 
is found in central Minnesota. It is a country of 
low relief with fairly numerous small shallow lakes, 
and it is here that a floating pioneer-mat is most 
commonly found. On these the “cranberry-bog” type 
of community usually occurs; it is the British repre- 
sentative of the American moss-heath. In British 
hydroseres as a whole the floating-mat is less com- 
mon as the main pioneer stage than the reed-swamp 
dominated by Phragmites communis and its associates, 
which have their roots in the solid substratum below 
the water. This is one of the major differences be- 
tween the hydroseres. of Minnesota and those of 
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Britain. It is interesting that both areas include in 
their floras both Phragmites communis and Carex 
lasiocarpa, yet the relative importance of these two 
species in one area is exactly the reverse of that in 
the other. 

A second major difference lies of course in the ulti- 
mate stages to which the hydroseres are tending in 
the two areas. For the rainfall in Britain is suffi- 
cient to allow the formation of ombrogenous peat 
above topogenous peat, sometimes with, and some- 
times without a stage of “zwischenmoorwald” and oak 
forest intervening, as described for the Norfolk 
Broads area by Godwin and Turner (1933). There 
are of course ombrogenous bogs in the U.S.A., but 
all the peat in central Minnesota is topogenously 
formed. 

One of the striking features in this comparison 
may be found in the number of bog species which 
are common to both areas. To mention some that 
come at once to mind, there are Menyanthes trifoliata, 
Scheuchzeria palustris, Carex riparia, C. rostrata and 
many other Carex species, Vaccinium Oxycoccus, Equi- 
setum fluviatile, Dryopteris Thelypteris, most of the 
Sphagnum spp. and so on. Then again one may find 
examples of closely related species, or members of the 
same family, playing precisely parallel roles in the 
bog-ecology. The Calluna vulgaris and 
Chamaedaphne calyculata has received comment al- 
ready. We can compare also Alnus rotundifolia and 
A, incana, Andromeda polifolia and A. glaucophylla, 
Betula pubescens, and B. papyrifera. 

Lastly, there are points of interest which arise 
from examining how the Minnesota bog area is situ- 
ated in relation to a map given by Transeau (1903) 
which indicates the North American distribution of 
bogs. The optimum area for bog development is 
shown as the area in which occur the greatest num- 
ber of the characteristic bog species. The region of 
study which is shown in Figure 1 lies partly within 
and partly outside the S.W. boundary of Transeau’s 
optimum area; the boundary Minnesota 
roughly from the N.W. corner of the state to Grants- 
berg (Wis.), near the eastern border of the state. 
Just as with individual species, so with vegetation 
types one may expect to see marked sensitivity to 
small fluctuations of conditions at the margin of the 
distribution area. This is exactly what may be seen 
in the Minnesota bog series. 

There is on the one hand the observation on the 
present spread of the moss-heath to the water-margin 
in many bogs and the tentative correlation of this 
with low water levels in the recent past; on the other 
hand there are the many observations of abrupt 
transitions between one vegetation zone and another, 
and of apparently uniform age within a particular 
zone. This latter set of observations point to a very 
uneven method of progression of the hydrosere; that 


ease of 


crosses 


is to say, to phases of rapid extension in area of a 
vegetation type, separated by intervals of less or 
no extension, but of consolidation and maturation. 
Broadly speaking, some kind of hydrosere will de- 
velop in any water-containing depression, whatever 
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the temperature conditions of a region, provided the 
water level is maintained at a constant height. Hence 
the climatie conditions which are unfavorable to 
hydroseral progress will be those which lessen the 
volume of water which drains into the depression, 
that is to say, it will be primarily the total precipita- 
tion, or closely related variables, which will govern 
the rate of progress of a hydrosere. In the center 
cf an optimum area for bog development, one may 
postulate that conditions of precipitation will almost 
always be above the lower limit for the maintenance 
of the necessary steady water levels. At the margins, 
however, climatic conditions must be less favorable, 
that is, they are such that the water table levels are 
not constantly maintained, but show fluctuations. This 
is in fact the interpretation given to the observation 
that the central Minnesota hydroseres appear to have 
proceeded by intermittent rather than by steady 
progress. 

From this interpretation at least three questions 
arise. Firstly, has this fluctuating progress been 
characteristic of these bogs all through their history ? 
On the basis of the surface ecology, one cannot 
wholly answer this question, but it seems fair to say 
that it has been characteristic of all the later stages. 
These would cover a period lasting for at any rate 
four generations of spruce trees in the cases illus- 
trated in Figures 12 and 13, cases which were chosen 
as being typical examples of what was generally 
noticeable in the area as a whole. 

Secondly, are there any signs that the fluctuations 
have any kind of regularity and could, therefore, be 
taken as expressions of some more or less regular 
climatic rhythm? 

Thirdly, supposing that some such rhythm had been 
operating, is it in any way connected with the 
fluctuation of precipitation values which is shown in 
Figure 9? This covers the last 60 years, and makes 
a very strong impression of a wave-like variation 
with a period of 40 to 50 years. Very likely this is 
entirely fortuitous, but it would be of the greatest 
interest to possess the data which might be given by 
historical studies of the vegetation record which were 
designed to answer these three questions. 

The subject of climatic rhythms has naturally been 
always in the minds of climatologists, but plant ecol- 
ogists have only gradually come to realize the im- 
portance of the topic in considering the status and 
A most stimulating 
presentation of the possibilities of the idea, and of 
methods of study derived from it, has been presented 
by Von Post (1944, 1946). He both 
longer period fluctuations and also the “fine-grained” 


history of existing vegetation. 
. z ton] 


discusses 


rhythms obtainable by the study of closely placed 
pollen samples. Results of this latter kind of study 
had been published at least as early as 1935, but 
have not, to the writer’s knowledge, appeared in an 
Enelish text until 1946. These small fluctuations in 
the pollen curves (Betula is the pollen type mainly 
concerned) might be of the same order of magnitude 
as those hypothetical ones which might be found to 
have controlled the Minnesota bog successions. se 
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that as it-inay, there is not much doubt that a num- 
ber of rhythmic oscillations of climate, of different 
periodicities, will in the end be recognized. We have 
evidence not only from the large-scale fluctuations 
associated with the several glaciations of the ice-age, 
but we have the repeated minor re-advances during 
the retreat from the last glacial maximum, we have 
Von Post’s description of the post-glacial climatic 
optimum and subsequent deterioration, and _ the 
probably equivalent xerothermic theory of American 
authors; we have the work of Cooper (1942) on the 
advances and retreats of glaciers in Alaska, and the 
data of Granlund (1932) on recurrence horizons in 
European bogs, to name outstanding examples. 

It would seem, therefore, that since the Minnesota 
area possesses a large number of bogs still in an 
undisturbed or almost undisturbed condition, which 
show especial sensitivity to climatic fluctuations, it 
would be the ideal center for a plant-historical study 
designed to throw light on both ecological and 
climatic history. The combination of pollen analysis 
and stratigraphy in a really detailed study, even in 
a single bog, would be certain to yield valuable data, 
even if no climatic rhythm were demonstrable. If, 
however, such a rhythm could be discovered on the 
basis of the record of the bog species themselves, it 
should be possible to get some idea of the order of 
magnitude of the rhythmic period, provided that 
there is also a record of the regional forest changes, 
which may serve, in a broad way, as a time-scale. 

Studies of this sort, carried out on either side of 
the Atlantic, may enable us to decide how far climates 
in general are characterized by unceasing rhythms, 
and how far such rhythms are local in character, or 
general over the whole earth’s surface. They will 
also constitute one of the means by which our ideas 
of the relation between climate and vegetation may 
be based ever increasingly on our knowledge of 
historical facts, rather than on theoretical assumptions. 
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APPENDIX I 


THE QUINHYDRONE METHOD OF pH 
DETERMINATION 

The following table gives some data which will 
show the degree of variability in pH value of sam- 
ples of peat from within a small area. At each site, 
a meter quadrat was chosen, and from it six samples 
were taken in the sub-surface peat, that is, at a 
depth of about 10 em. below the actual surface. The 
samples were placed in glass vials, and to three of 
them (labelled T in the table) toluol was added and 
stirred into the peat with a glass rod. This pro- 
cedure was used because it was found by Pearsall 
(1938) that by the use of toluol, the pH and the 
redox potential of the peat could be stabilized, so as 
to minimize the error involved in transporting peat 
samples and allowing some time to elapse before 
testing in the laboratory. In the present study, the 
samples were taken to the laboratory as soon as pos- 
sible after collection, and stored in a refrigerator; 
the pH determinations were carried out within two 
or three days of collection. It will be seen from the 


results that the samples treated with toluol gave mean 
values close to the means of the untreated samples, 
and hence in the later collections toluol was not used. 
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Kerrick (Lake Margaret) 
































Site pH values | Mean Site | pH values | Mean 
a 
5.50 | 4.20 | 
5.58 5.58 | 4.25 | 4.23 
Sedge- 5.65 Moss- | 4.25 | 
mat (5.50 heath (4.10 | 
T15.62 | 5.66 114.35 | 4.36 
5.85 (4.62 | 
5.18 3.90 | 
Late 5.35 5.35 4.03 | 4.04 
Sedge- | 5.53 Picea 4.18 | 
mat (5.45 forest (4.18 } 
T:5.50 | 5.54 T14.25 | 4.24 
(5.68 | (4.30 | 
4.65 | 4.00 
Early 4.70 4.74 | Old | 4.30 | 4.22 
moss- 4.87 Picea 4.35 
heath (4.52 forest (4.08 | 
T:4.60 | 4.69 T,4.18 | 4.21 
4.95 4.38 | 
sede Se Se eS) Le ae 
4.10 3.85 | 
Mature | 4.35 4.27 | Secondary] 3.93 3.97 
moss- | 4.35 moss- 4.03 | 
heath (4.38 heath (3.98 | 
T+4.57 | 4.58 T44.01 | 4.06 
4.80 |} (4.20 | 
4.25 | 4.85 
| 4.43 4.47 | 5.08 5.05 
Larix 4.72 Marginal | 5.22 
forest (4.25 fen (4.95 
T}4.35 | 4.32 | T+5.02)| 5.02 
4.35 | [5.10 
6.00 HINcKLEY BocG 
6.02 6.03 |— — 
Marginal | 6.07 6.60 
fen (5.90 6.60 6.64 
T16.02 | 6.03 | Picea | 6.71 
6.16 forest | (6.48 | 
— —_————_ T{6.48 | 6.55 
16.68 | 
6.55 
6.62 6.61 
| Marginal | 6.67 
fen 
| 
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APPENDIX II 
DETAILS OF BOG LOCALITIES 


The accompanying table gives details from which 
it would be possible to find those areas which are 
the text and others which were also 


deseribed in 


Roeeeiee ee 
visited in the course of the study. Reference jg 
given not only to the map square, but to the quarter 
of the square, that is NW, NE, SE, or SW, in which 
the locality is situated. The air-photograph numberg | 
refer to the collection in the University of Minnesota 
library. 





Locality | County County map square 


Air- | 


photograph | Comments 





Cedar Creek | Anoka ’. 34N, R.23W, 27NW 


| BIM-3-68 Described in the text. 





| Isanti . 36N, R.23W, 1ONW 


Grandy 


BIX-6-8 Mature Lariz forest. 








. 34N, R.22W, 12NE 


Stacey A Isanti 


| Narrow pioneer-mat and moss-heath; drained | 


| BIX-7-6 
Larix forest on acid peat. 








Stacey B and C | Isanti *. 34N, R.22W, 11SW 


BIX-7-6 Pioneer-mats of Decodon. 





Hinckley . 41N, R.20W, 28SW 


| Pine 


| Picea forest; good marginal fen (Frazinus 
dominant). 


| BYD-2-137 
| 





. 42N, R.17W, 28SE-SW 
Tamarack! 


BYD4-95 | Moss-heath (mainly secondary); Picea forest. 








Duxbury Pine . 42N, R.17W, 10SE 


BYD-4-157 | Larir-Picea forest 





Kerrick (Lake Pine . 45N, R.18W, 26SW 


BYD-6-125 | ( 
———!< Described in the text. 





| Pine 


Margaret) 


Kerrick B . 45N, R.18W, 34SE 


BYD-6-125 





Cuyuna | Crow Wing . 47N, R.28W, 32NE 


BXT-2-115 Described in the text. 





Pug Hole | Itasca T. 57N, R.26W, 2485W 





. STN, R.25W, 18SSW 


Grand Rapids B | Itasca 





Grand Rapids C | Itasca . SON, R.26W, 14SE? 





Lake Alice® | Hubbard . 143N, R.35W, ISE 


CIP-6-163 Described in the text. 





Extensive moss-heath. Some indications 


of burning. 
Pioneer-mat of neutrophilous sedges; mixed 
Picea-Thuja forest with some Abies. 


Described in the text. 


| CIP-6-163 





| CIP-13-22 





BXU-3-41 








Twin Lakes | Hubbard Y. 143N, R.35W, 30NW 


BXS-5-23 | Described in the text. 





| Clearwater 


Floating Bog 
(Lake Itasca) 

Boutwell Creek | Clearwater 
Bog 


r, 143N, R.36W, LINE 





T. 143N, R.36W, 15NE 


Extensive Carer lasiscarpa mat; narrow bog- 
forest zone (Larir, Picea, Frarinus etc.) 


Mixed old Thuja-Picea-A bies forest; evidence 
of much interference. 


BXS-4-105 





BXS8-5-21 





' This small lake had no name oa the map, but was the s.nallest of three lying close together, the largest being called Tamarack Lake. E 
2 The quarter of the square indicated is the actual position as given by the air-photo, not the position which would be deduced from the county road map, which? 


incorrectly indicates a bend in the road. 


3 Lake Alice is the nearest named topographical! feature to the bog, which is not itself related to that lake but occurs around a small lake situated about a mile to them 


east of Lake Alice, just north of the road. 





